Determinants for the subcellular localization of the inner and outer spore coat hubs in Bacillus subtilis by Nunes, Filipa Andreia Portugal
Filipa Nunes 
Dissertation presented to obtain the Ph.D degree in Biology 
Instituto de Tecnologia Química e Biológica António Xavier | Universidade Nova de Lisboa 
Oeiras, 
June, 2015 
Determinants for the subcellular localization of the 
inner and outer spore coat hubs in Bacillus subtilis 
Filipa Nunes 
Dissertation presented to obtain the Ph.D degree in Biology 
Instituto de Tecnologia Química e Biológica António Xavier | Universidade Nova de Lisboa 
Oeiras, June, 2015 
Determinants for the subcellular localization of the inner 






















Financial support from Fundação para a Ciência e a Tecnologia 
and Fundação Luso-Americana para o Desenvolvimento through 
grants SFRH/BD/64470/2009 and 2014/CON3/CAN34 awarded 






























































From left to right: Prof. Dr. Adriano O. Henriques (supervisor), Dr. Mónica Serrano 
(co-supervisor), Dr. Federico Herrera and Prof. Dr. Carlos São-José (examiners), 
Filipa Nunes (PhD candidate), Prof. Dr. Isabel Sá-Nogueira and Dr. José Pereira-


















































This thesis is dedicated to my parents,  
who taught me the importance of education 


















































To Instituto de Tecnologia Química e Biológica António Xavier (ITQB-
AX) of the Universidade Nova de Lisboa, for receiving me as a PhD student 
and for providing all the working conditions and the great scientific 
environment for the execution of this work. 
To Fundação para a Ciência e a Tecnologia (FCT) for awarding me 
with a PhD fellowship. To Fundação Luso-Americana para o 
Desenvolvimento (FLAD), whose financial support allowed me to perform 
part of my work at Prof. Eichenberger’s lab. 
To my supervisor Prof. Adriano O. Henriques and my co-supervisor 
Dr. Mónica Serrano, without whom this work would have never been 
possible. For the opportunity to work with them, for all the knowledge they 
shared with me, and for the guidance and encouragement along this journey, 
specially is those moments in which the results were not the expected. 
To my present and former lab colleagues, for creating a good 
atmosphere in the lab and for the great times out of it. To Catarina 
Fernandes and Fátima Pereira, for the direct contributions to this work 
and the helpful suggestions. To Anabela Isidro and Lia Domingues, that 
started the studies on the LysM domain of SafA and on the cysteine residues 
of SpoVID. To Ana Paiva, Ana Rita Tomé, Cláudia Serra, Fátima Pereira, 
Patrícia Amaral and Teresa Costa, who more than lab colleagues, are my 
friends. Thank you for your constant willingness to help, useful suggestions, 
scientific and non-scientific discussions, and specially, for your support 
during good and bad moments. To Teresa Silva, who made my life so much 
easier in the lab. 
To Prof. Patrick Eichenberger, for welcoming me in his lab, for the 
excellent working conditions, and for making me feel as part of the team. 
x 
 
Thank you for your constant interest in this work and helpful contributions, 
and for the opportunity to give a talk at NYBIG. To all the members of his lab, 
specially Tim Chu, Bentley Shuster and Giana D’Aleo, for all the support in 
the lab and for showing me a little bit of the New York culture. To Marina 
Raguse, for her friendship and for those wonderful weeks in the lab and 
exploring New York City. 
To Prof. Aida Duarte, my former supervisor, who introduced me 
into the scientific research world. Thank you for sharing with me your 
passion for science, and for all the teaching and support during my first years 
in a lab.  
To my colleagues of the ITQB PhD Program and the InTeraQB, for 
the good times at ITQB and out of it. To Leiria Toastmasters and Young 
Entrepreneur Toastmasters Clubs, for giving me confidence to speak in 
public. 
To my dear friends outside the lab that helped me so much along this 
journey. A special thank to Catarina Dourado, Rita Aires, Isabel Guerreiro, 
Dina Marques, Célia Rodrigues, Marta Pizzighella, Manuela Gomes, Igor 
Murta, Sara Focaccia and Marija Vranic for their support and friendship. 
To my dear family, for all the love and care during all these years. To 
my parents, David and Lina Leitão, and to my brother, Diogo Nunes, for 
your unconditional love, advice and support. You will always be an 
inspiration to me, and without you by my side I would never had the strength 
to complete this PhD. Finally, to Fabio Silva, for your love, help and constant 
support. Thank you for pushing me not to give up on my dreams, and for 





TABLE OF CONTENTS 
 
LIST OF ABBREVIATIONS ……………………………………………………….………..….... xiv 
ABSTRACT ………………………………………………………………………………….………....... 1 
RESUMO …………………………………………………………………………………..…………....... 3 
 
CHAPTER 1 – General introduction ………………………………………………………. 7 
THE MODEL ORGANISM B. SUBTILIS …………………………………………………... 9 
 The discovery of B. subtilis and of bacterial spores ………………………. 10 
THE SPORE …………………………………………………………………………………….… 10 
 Morphology and properties of the spore ……………………………………... 11 
 Applications of spores ………………………………………………………………... 13 
AN OVERVIEW OF SPORULATION …………………………………………………….. 14 
 The morphological stages of sporulation …………………………………….. 15 
 Entry into sporulation in B. subtilis ……………………………………….…..... 16 
 Compartmentalized gene expression in B. subtilis ……………………….. 18 
THE SPORE COAT IN B. SUBTILIS ………………………………………………………. 20 
 Structure of the coat ………………………………………………………….……...... 20 
 Coat composition ……………………………………………………………….………. 22 
 Regulation of coat assembly ……………………………………………………….. 23 
 The role of morphogenetic proteins in coat assembly ………………….. 25 
 The coat genetic interaction network ……….…………………………………. 32 
 Two steps in coat assembly: targeting and encasement ……………….. 34 
 Successive waves of encasement during coat morphogenesis ………. 35 
AIMS OF THIS WORK …………………………………………………………….………….. 37 
REFERENCES …………………………………………………………………………………… 38 
 
CHAPTER 2 – Interaction between SpoVID and CotE is necessary  
for spore encasement ………………………………………………………………………….. 51 
SUMMARY ………………………………………………………………………………………... 53 
xii 
 
INTRODUCTION ……………………………………………………………………………….. 54 
MATERIAL AND METHODS ………………………………………………………………. 56 
RESULTS ………………………………………………………………………………………….. 65 
Specific residues in the N-terminal domain of SpoVID are  
essential for spore encasement ..………………………………….……………… 65 
SpoVID interacts with CotE in yeast two-hybrid assays ……………….. 69 
SpoVID and CotE physically interact in vitro ………………………………... 71 
Specific residues in region E of SpoVID are required for  
binding to CotE ………………………………………………………………………..… 72 
Residue L131 of SpoVID is dispensable for binding to SafA ………….. 73 
Probing the function of cysteine residues within the 
N-terminal domain of SpoVID …………………………………………………..… 74 
The N-terminal domain of SpoVID is structured ………………………….. 76 
DISCUSSION …………………………………………………………………………………..… 80 
ACKNOWLEDGEMENTS …………………………………………………………………… 85 
REFERENCES …………………………………………………………………………………... 86 
   
CHAPTER 3 – Binding of SafA to region E of SpoVID …………………...…..….. 91 
SUMMARY …………………………………………………………………………….………….. 93 
INTRODUCTION ……………………………………………………………………………….. 94 
MATERIAL AND METHODS ……………………………………………………………….. 97 
RESULTS ………………………………………………………………………………………... 107 
Specific residues in region E are essential for encasement  
by SafA ………………………………………………………….……………………….... 107 
Residues involved in encasement by SafA are important 
for a direct interaction between SafA and SpoVID ……………………... 113 
Residues in region E required for interaction with SafA  
have a role in anchoring SafA to the spore surface …………………….. 114 
Region E facilitates binding of SafA and CotE hubs to a 
second surface in SpoVID …………………………..……………………………... 117 
Residues required for encasement by both SafA and CotE are  
important for coat integrity ……………………………………………………… 121 
A mislocalized inner coat acts as an attractor for the outer coat .… 126 
DISCUSSION ………………………………….……………………………………………….. 130 
xiii 
 
ACKNOWLEDGEMENTS …………………………………………………………………. 135 
REFERENCES ………………………………………………………………………….……… 135 
 
CHAPTER 4 – The LysM module of SafA in spore morphogenesis ... 141 
SUMMARY ………………………………………………………………………….…………... 143 
INTRODUCTION ……………………………………………………………………………… 144 
MATERIAL AND METHODS …………………………………………………………...… 147 
RESULTS ………………………………………………………………………………………… 155 
Conserved features of the LysM domain of SafA ……………………….... 155 
The LysM domain is required for SafA subcellular localization …... 157 
The LysM domain is required for SafA association with 
the cortex ………………………………………………………………………………… 161 
The LysM domain of SafA binds to spore peptidoglycan in vitro .… 163 
The localization of SafA is dependent on cortex biogenesis ……...… 164 
The LysM domain of SpoVID in peptidoglycan recognition 
 in vitro …………………………………………………………………………………..... 167 
DISCUSSION …………………………………………………………………………………... 169 
ACKNOWLEDGEMENTS ……………………………………………………………….… 173 
REFERENCES …………………………………………………………………………………. 174 
 
CHAPTER 5 – General discussion ………………………………………………………. 183 
The major role of the region E of SpoVID in spore encasement …... 186 
SpoVID organization as the driving force for encasement…………… 188 
SafA and CotE as hubs for inner and outer coat proteins ……….…… 188 
SafA and CotE belong to the same kinetic class of coat proteins …. 190 
The LysM modules of SpoVID and SafA as localization  
determinants …………………………………………………………………………… 191 
The interdependency on assembly of the spore protective  
layers ……………………………………………………………………………….……… 194 
An updated model for spore coat assembly ……..………………………… 194 
REFERENCES ……………….……………………………………………………………….… 196 
 
APPENDICES ……………………………………………………………………………………… 199 
xiv 
 
LIST OF ABBREVIATIONS 
 
DSM: Difco sporulation medium 
DTT: dithiothreitol 




IPTG: isopropyl β-D-1-thiogalactopyranoside  
L: liter 
LB media: Luria-Bertani medium 
M: molar 
MALDI-TOF: matrix assisted laser desorption ionization – time of flight 
MCD pole: mother cell distal pole 
MCP pole: mother cell proximal pole 
MS: mass spectrometry 
MurNAc: N-Acetylmuramic acid 
PBS(-T): phosphate buffered saline(-tween)  
PMSF: phenylmethanesulfonylfluoride 
PVDF: polyvinylidene difluoride 
SDS: sodium dodecyl sulfate  
SDS-PAGE: sodium dodecyl sulfate polyacrylamide gel electrophoresis 
SM: sporulation medium 
TBS-T: tris-buffered saline- tween 






Endospores, or spores for simplicity, are a highly resistant cell type 
produced by some bacterial species under adverse conditions. Two main 
protective layers contribute to the resilience of spores: the cortex, composed 
of peptidoglycan, and the outermost proteinaceous coat. In Bacillus subtilis, 
the coat comprises up to 80 different proteins, organized into four sublayers: 
the basement layer, the inner coat, the outer coat and the crust. These 
proteins are synthesized at different times during sporulation and deposited 
at the spore surface in multiple coordinated waves. Central to coat formation 
is a group of morphogenetic proteins that guide the assembly of the coat 
components. Targeting of the coat proteins to the surface of the developing 
spore is mainly controlled by the SpoIVA morphogenetic ATPase. In a second 
stage, the coat proteins fully encircle the spore, a process termed encasement 
that requires the morphogenetic protein SpoVID. Assembly of the inner coat 
requires SafA, whereas formation of the outer coat and the crust requires 
CotE. SafA interacts directly with the N terminus of SpoVID.  
In Chapter 2, we started by demonstrating that a stretch of 12 
residues at the N-terminal domain of SpoVID, that we named region E, is 
required for spore encasement by all the coat sublayers. We identified 
specific residues within this region that are important for binding and 
encasement by CotE, linking encasement by the outer coat to a specific 
protein-protein interaction. Encasement is presumably facilitated by the 
oligomerization of SpoVID at the spore surface, and we showed that SpoVID 
oligomers contain disulfide bonds. Finally, we addressed some structural 
features of SpoVID, and we proposed an updated model for coat assembly 
that incorporates the interactions between the major coat morphogenetic 
proteins. 
In Chapter 3, we focus on the interaction between SpoVID and SafA. 
We found single amino acid substitutions in region E of SpoVID that cause 
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mislocalization of SafA and prevent its binding to SpoVID, showing that 
encasement by both the inner and the outer coat modules require specific 
interactions of their hubs (SafA and CotE) with the same region of SpoVID. 
Our results also suggest that region E facilitates binding of SafA and CotE to a 
second surface in SpoVID. Furthermore, two residues within region E are 
required for encasement by both SafA and CotE hubs, and consequently, by 
inner and outer coat/crust components, having a major role in coat integrity. 
As the substitution of one of them do not preclude binding of CotE to SpoVID 
and mislocalization of CotE is suppressed by the deletion of safA, we 
conclude that a mislocalized inner coat acts as an attractor for CotE. This 
reveals a tight connection between assembly of the inner and the outer coat 
modules.  
In Chapter 4, we analysed the role of the peptidoglycan-binding LysM 
domain of SafA on the subcellular localization and function of the protein. 
Within this domain, we identified five conserved, surface-exposed residues 
that are required for SafA-YFP localization and peptidoglycan recognition in 
vitro. Of those, two are important for earlier SafA-YFP deposition, whereas 
the other three are involved in late localization, at a time where the cortex is 
already present in the spore. Late localization of SafA-YFP also requires the 
cortex, reinforcing that cortex and coat morphogenesis are linked. Finally, we 
provide evidence that the LysM module of SpoVID does not recognize 
peptidoglycan in our experimental conditions. Altogether, we propose a 
model for SafA localization that includes the interactions with SpoIVA and 
SpoVID (via region A), as well as peptidoglycan recognition (via LysM).  
Overall, our work expands the current model for coat assembly, and 









 Endósporos, ou simplesmente esporos, são um tipo celular 
extremamente resistente produzido por algumas espécies bacterianas em 
resposta a condições adversas. Duas camadas protetoras contribuem para a 
resiliência destas estruturas: o cortex, composto por peptidoglicano, e mais 
externamente o manto, de natureza proteica. Em Bacillus subtilis, o manto é 
composto por mais de 80 proteínas diferentes, organizadas em quatro 
subcamadas: a camada basal, o manto interno, o manto externo e a crosta. 
Estas proteínas são sintetizadas em diferentes etapas da esporulação e 
depositam-se à superfície do esporo de uma forma coordenada, através de 
múltiplas ondas. As proteínas morfogenéticas tem um papel central na 
formação do manto, guiando a deposição dos seus componentes. A 
localização das proteínas à superfície do esporo em desenvolvimento é 
essencialmente controlada pela ATPase morfogenética SpoIVA. Numa 
segunda fase, as proteínas do manto rodeiam completamente o esporo, num 
processo designado por envolvimento que requer a proteína morfogenética 
SpoVID. A montagem do manto interno depende de SafA, enquanto que as do 
manto externo e da crosta necessitam de CotE. SafA interage diretamente 
com o N-terminal de SpoVID. 
 No Capítulo 2, começámos por demonstrar que uma região de 12 
resíduos no domínio N-terminal de SpoVID, a que chamámos região E, é 
essencial para o envolvimento do esporo pelas quatro subcamadas do manto. 
Nesta região, identificámos resíduos específicos importantes para a interação 
com CotE e para a sua migração em redor do esporo, estabelecendo uma 
relação entre o envolvimento pelo manto externo a uma interação proteína-
proteína específica. Presume-se que o envolvimento seja facilitado pela 
oligomerização de SpoVID à superfície do esporo, e nós demostrámos que os 
oligomeros de SpoVID contêm pontes dissulfídicas. Finalmente, 
determinámos algumas características estruturais de SpoVID e propusemos 
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um modelo atualizado para a montagem do manto que incorpora as 
interações entre as proteínas morfogenéticas mais importantes. 
 No Capítulo 3, focámo-nos na interação entre SpoVID e SafA. 
Identificámos substituições de aminoácidos na região E de SpoVID que levam 
à deslocalização de SafA e previnem a sua ligação a SpoVID, demostrando que 
o envolvimento do esporo pelos mantos interno e externo requer interações 
específicas das suas proteínas hub (SafA e CotE) com a mesma região de 
SpoVID. Os nossos resultados sugerem ainda que a região E facilita a ligação 
de SafA e CotE a uma segunda superfície em SpoVID. Além disso, dois dos 
resíduos da região E são importantes para o envolvimento do esporo tanto 
por SafA como por CotE, e consequentemente, pelos componentes dos 
mantos interno e externo e da crosta, tendo um papel determinante na 
integridade do manto. Tendo em conta que a substituição de um desses 
resíduos não compromete a ligação de CotE a SpoVID e que a deslocalização 
de CotE é suprimida pela deleção de safA, concluímos que a deslocalização do 
manto interno leva à deslocalização de CotE. Assim, concluímos que existe 
uma estreita ligação entre a montagem destas subcamadas do manto. 
No Capítulo 4, analisámos o papel do domínio de ligação a 
peptidoglicano de SafA, LysM, na localização e função desta proteína. 
Identificámos cinco resíduos conservados expostos à superfície do domínio 
que são importantes para a localização de SafA-YFP e para o reconhecimento 
de peptidoglicano in vitro. Destes, dois são necessários para a deposição 
inicial de SafA-YFP, enquanto os outros três estão envolvidos na sua 
localização tardia, quando o cortex já está presente no esporo. A localização 
tardia de SafA-YFP também requer a presença do cortex, reforçando que as 
morfogéneses do cortex e do manto estão intimamente ligadas. Finalmente, 
mostrámos que o domínio LysM de SpoVID não reconhece peptidoglicano 
nas nossas condições experimentais. Deste modo, propusemos um modelo 
para a localização de SafA que inclui as interações com SpoIVA e SpoVID (via 
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região A), assim como o reconhecimento do peptidoglicano presente no 
esporo (via LysM).  
Em suma, o nosso trabalho aprofunda o modelo atual da morfogénese 
do manto, enfatizando a importância das interações proteína-proteína 


















































































THE MODEL ORGANISM BACILLUS SUBTILIS  
 
Bacillus subtilis is a Gram-positive, rod-shaped bacterium that is both 
a soil organism and a gut commensal of several animals, including humans 
(Nicholson, 2002; Tam et al., 2006; Hong et al., 2009). This facultative aerobe 
(Hoffmann et al., 1995; Nakano and Zuber, 1998) is able to differentiate 
highly resistant dormant cells named endospores, or spores for simplicity, 
that contribute for its persistence under unfavorable conditions. B. subtilis is 
an important model for studies of cell differentiation and one of the best-
characterized organisms. The main advantages of its use are the natural 
competence, easy manipulation and maintenance, high growth rates and 
non-pathogenicity, as well as the availability of its whole genome for almost 
20 years (Kunst et al., 1997). These features, together with the spore 
properties and the capacity to secrete high concentrations of several 
products directly into the culture medium, makes B. subtilis well suited for 
applications in industry, biotechnology and biomedicine (see below in 
“Applications of spores”). 
Spore-forming bacteria are diverse and ubiquitous. They include 
several Bacillus and Clostridium species that form spores through an 
evolutionary conserved mechanism, such as the pathogens B. cereus, B. 
anthracis and C. difficile (de Hoon et al., 2010; Galperin et al., 2012; Abecasis 
et al., 2013). Sporeformers have been isolated, for example, from fresh and 
saline water, hot springs, arctic sediments, gastro-intestinal tracts of 
mammals and insects and soil (Nazina et al., 2004; Yukimura et al., 2009; 
Maughan and Van der Auwera, 2011), Their capacity to colonize such a 
diversity of ecological niches is in part due to the resilience of their spores. 
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The discovery of B. subtilis and of bacterial spores 
 Although infections by sporeformers were reported in ancient 
literature thousands of years ago (Torred et al., 2012), the first known 
descriptions of spores are only dated from the 19th century. In 1852, 
Maximilian Perty observed light-refractile bodies in bacteria. Almost 20 
years later (1870), Luis Pasteur confirmed these observations and correlated 
the presence of spores to a greater resistance to injurious agents (as cited in 
Morrison and Rettger, 1930). At that time, Henry Charlton Bastian showed 
that some bacteria could regrow in organic fluids after boiling them in sealed 
flasks (Bastian, 1872; in Torred et al., 2012), and Ferdinand Cohn proposed 
that it may be due to a special developmental stage of some bacteria that 
survive high temperatures (as cited in Torred et al., 2012). Cohn found that 
the bacteria growing in boiled cheese infusions was not the typical 
putrefactive Bacterium termo, but rather bacillus rods he renamed Bacillus 
subtilis (Cohn, 1872; in Torred et al., 2012). This organism was described 40 
years earlier and baptized Vibrio subtilis (Ehrenberg, 1833–1835; in 
Rasmussen et al., 2009).  Cohn also observed the formation of spores in B. 
subtilis and proved that they survive strong heat and germinate to form new 
bacilli, justifying the microbial growth in boiled organics infusions (Cohn, 
1876; in Torred et al., 2012 and Rasmussen et al., 2009). In the same year, 
Koch relied on Cohn's observations in his work on B. anthracis (Koch, 1876; 
in Torred et al., 2012). Their independent experiments marked the beginning 
of the field of spore research.   




Spores are a highly resistant dormant cell-type produced via a 
differentiation process known as sporulation. They are one of the most 




stresses that kill other cells. These include extreme heat, freeze, high 
pressure, ionizing radiation, noxious chemicals — oxidizing agents, acids, 
bases and organic solvents — exogenous lytic enzymes and digestion by 
predators (Nicholson et al., 2000; Nicholson et al., 2002; Klobutcher et al., 
2006; Setlow, 2006).  
In laboratory cultures, most of the strains initiate sporulation in 
response to adverse conditions. First, the bacterial cell divides 
asymmetrically and the larger compartment, named mother cell, encases the 
smaller one. Then, the smaller compartment differentiates into a mature 
spore, assisted by the mother cell. Finally, the mother cell lyses and the 
mature spore is released into the environment (Errington, 2003), where it 
can persist for long periods of time, perhaps even for millions of years 
(Nicholson et al., 2000; Vreeland et al., 2000).  
 
Morphology and properties of the spore 
Spores exhibit a conserved concentric, multilayered architecture that 
largely contributes to their resistance (de Hoon et al., 2010). In those 
produced by B. subtilis, thin-section transmission electron microscopy 
revealed three main concentric compartments: the core, the cortex and the 
coat (Fig. 1.1). Species such as B. cereus and B. anthracis also have an 
additional outer layer, named exosporium (Driks, 1999; Henriques and 
Moran, 2007). 
The core is the innermost compartment of the spore, and houses the 
chromosome. It has a reduced water content, which is important for spore 
dormancy and resistance to wet heat. The presence of dipicolinic acid, 
presumably chelated with divalent cations (predominantly Ca2+), contributes 
to dehydration, protection of the DNA and spore resistance. This 
compartment also contains small acid-soluble proteins of the α/β-type that 
saturate the DNA, protecting it from a wide range of damaging agents, such 
as dry heat, desiccation, chemicals and radiation (Gerhardt and Marquis, 
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1989; Setlow, 2006). The core is delimitated by the inner forespore 
membrane, with similar composition to the plasma membrane. This 
membrane is a strong permeability barrier to noxious chemicals and 
contributes for the reduced water content in the core. Additionally, it 
becomes the membrane of the new vegetative cell that results from spore 




Figure 1.1 – Structure of the B. subtilis spore. A) Thin-section transmission electron 
micrograph of a B. subtilis spore fixed and stained with ruthenium red. Scale bar: 500nm 
(in McKenney et al., 2010); B) Schematic representation of the structure of B. subtilis 
spores. Co: core, IFM: inner forespore membrane, PGCW: primordial germ cell wall, Cx: 
cortex, OFM: outer forespore membrane, Ct: coat, BL: basement layer, IC: inner coat, OC: 
outer coat, Cr: crust. 
 
 
Two layers of peptidoglycan surround the inner forespore 
membrane: the primordial germ cell wall, in immediate contact with this 
membrane, and the cortex. The primordial germ cell wall has an identical 
composition to the vegetative cell peptidoglycan and, upon germination, 
gives rise to the cell wall of the vegetative cell. The cortex is composed of 
peptidoglycan with several spore-specific modifications, namely the 
presence of muramic δ-lactam residues, the reduced number of peptide side 
chains and the absence of teichoic acids (see more details on Chapter 4). As a 
result, the cortex peptidoglycan shows reduced cross-linking of the glycan 




of the core, spore mineralization, dormancy, and also for protection against 
organic solvents and heat (Popham, 2002; Setlow, 2006; Higgins and 
Dworkin, 2012). At least during the initial steps of spore development, the 
cortex is surrounded by the outer forespore membrane. This membrane is 
essential during spore formation, but may be absent from mature spores 
(Piggot and Hilbert, 2004; Setlow, 2006).  
The next protective structure is the proteinaceous coat, arranged into 
several layers. From the inside to the outside, the B. subtilis spore coat 
comprises the basement layer, the inner coat, the outer coat and the crust 
(Fig. 1.1). The coat prevents access of peptidoglycan lytic enzymes, such as 
lysozyme, to the cortex and confers resistance to noxious chemicals, ionizing 
radiation and predation. Moreover, it has a major role in spore adhesion, 
infection by pathogenic sporeformers and in germination. In some species, 
including B. subtilis, the coat is the outermost layer of the spore, mediating 
the interaction with the surrounding environment. Thus, as an adaptation to 
distinct ecological niches, the coat composition differs among species 
(Nicholson et al., 2000; Riesenman and Nicholson, 2000; Klobutcher et al., 
2006; Setlow, 2006). In organisms such as B. cereus, B. anthracis and some 
Clostridia, the spore coat is encased by an exosporium. This additional 
protective layer is loose-fitting, with a paracrystalline basal layer and an 
external hair-like nap, and is separated from the outer coat by an interspace 
(Henriques and Moran, 2007; Higgins and Dworkin, 2012).  
The spore protective surface layers — the cortex, the coat and the 
exosporium — are flexible and elastic. This allows spore expansion or 
retraction according to environmental conditions, such as relative humidity 
(Westphal et al., 2003).  
 
Applications of spores 
Bacterial spores, especially those produced by B. subtilis, have been 
widely used in industry, biotechnology and biomedicine. Spores have been 
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commercialized as probiotic preparations for animal and human 
consumption (Barbosa et al., 2004; Cartman and La Ragione, 2004), or as 
biocontrol agents in agriculture, promoting plant growth or preventing plant 
diseases (Nicholson, 2002). Some of their applications exploit the capacity to 
display bioactive molecules at the surface by genetic manipulation. This way, 
they can be vehicles for vaccine delivery, biosensors for specific compounds, 
or display systems for proteins or peptides of biotechnological interest 
(Isticato et al., 2001; Ferreira and Schumann, 2012). In addition to their 
resistance properties, they are easy and cheap to produce in larger scales and 
can remain stored at room temperature for long periods without losing 
viability. Understanding the mechanism of sporulation in B. subtilis is not 
only important in fundamental research, but also in the development of 
products of interest in industry and healthcare. 
 
 
AN OVERVIEW OF SPORULATION 
 
 Endospore formation is an ancient, conserved process. The basic 
sequence of steps along this developmental program is essentially 
maintained in Bacilli and Clostridia species studied so far (de Hoon et al., 
2010). Sporulation is regulated by a program of gene expression, directed by 
specific RNA polymerase sigma factors and additional transcription 
regulators (Piggot, 2002; Errington, 2003; Hilbert and Piggot, 2004; Higgins 
and Dworkin, 2012; Robleto et al., 2012). Cell-cell signaling pathways that 
operate between the developing spore and the mother cell is also a hallmark 
of the process.  The genetic program dictates a series of morphological 
changes that culminate in the formation of a mature spore. Spore 
development represents a considerable investment of energy and time. 





The morphological stages of sporulation 
The basic sequence of morphologic changes along sporulation was 
elucidated by electron microscopy. Although this is a continuous process, 
several stages were considered for convenience (Ryter, 1965; Piggot and 
Coote, 1976) (Fig. 1.2). Vegetative growth is known as stage 0. Stage I 
corresponds to entry in sporulation, after a round of DNA replication. At this 
stage, the two sister chromosomes rearrange into an axial filament that 
stretches along the longitudinal plan of the cell. Then, an asymmetric septum 
is formed by membrane invagination, resulting in two compartments with 
different sizes and cell fates (stage II). The smaller compartment is the 
prespore that differentiates into a mature spore. The larger one is the mother 
cell, which participates in spore formation and ultimately lyse (Ryter, 1965; 
Piggot and Coote, 1976).  
After asymmetrical division, the septum bulges into the cytoplasm 
and the membranes migrate around the prespore in a process similar to 
phagocytosis, named engulfment. This results in a double-membrane free 
protoplast, termed forespore, within the mother cell (stage III). During stage 
IV, the primordial germ cell wall and the cortex deposit between the two 
forespore membranes. Almost in parallel, the coat becomes visible around 
the surface of the forespore, corresponding to stage V. Forespores, previously 
phase-dark, become gradually phase-bright. Stage VI designates the 
maturation of the spore and acquisition of resistant properties (Ryter, 1965; 
Piggot and Coote, 1976). 
In stage VII, the mother cell lyses through programed cell death and 
the mature spore is released. The spore has the ability to remain dormant for 
long periods of time in the absence of nutrients, and can be transported to 
different, more favorable, locations. Even in a dormant state, it constantly 
monitors the surrounding environment conditions through receptors in the 
inner forespore membrane. As soon as the environmental conditions become 
satisfactory to support vegetative growth, in particular the levels of amino 
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acids and sugars, the spore exits the dormant state and germinates (Ryter, 




Figure 1.2 – The vegetative and sporulation cycles in B. subtilis. The key morphological 
stages during sporulation (I-VII) are represented. 0: vegetative growth; I: chromosomal 
replication and formation of the axial filament; II: asymmetric division, followed by 
engulfment; III: engulfment completion; IV-V: cortex and coat deposition; VI: spores 
maturation; VII: mother cell lysis, releasing the spore that then germinates and returns 
vegetative growth or sporulation cycles. The RNA polymerase sigma factors are indicated 
in the stages were they become active. 
 
 
Entry into sporulation in B. subtilis 
The decision-making apparatus that regulates entry into sporulation 
is precisely regulated and responds to a series of internal and external 
signals (Errington, 2003; de Hoon et al., 2010). In domesticated strains of B. 




nitrogen or phosphate source, although high population density is also 
important (Piggot and Coote, 1976; Sonenshein, 2000; Piggot and Hilbert, 
2004). These factors led to activation of Spo0A, the key transcription factor 
for triggering sporulation. Spo0A is activated by phosphorylation through an 
expanded two-component signal transduction system known as 
phosphorelay (Burbulys et al., 1991; Jiang et al., 2000; Sonenshein, 2000; 
Fujita and Losick, 2005; Chastanet et al., 2010). The levels of phosphorylated 
Spo0A (Spo0A~P) are negatively regulated by specific phosphatases that 
dephosphorylate Spo0A~P or other components of the phosphorelay system 
(Perego et al., 1996; Bongiorni et al., 2007; Smits et al., 2007). Spo0A~P 
controls the expression of more than 120 genes directly and 520 indirectly, 
including several genes coding for transcription factors (Fawcett et al., 2000; 
Molle et al., 2003). The concentration of Spo0A~P defines the physiological 
outcome in the cell. High cellular levels of Spo0A~P led to sporulation by 
activation of the transcription of genes coding for the first sporulation-
specific regulators (σF and σE), as well as of genes required for the formation 
of the axial filament and asymmetric division of the cell (Fujita et al., 2005; 
Chastanet et al., 2010; Robleto et al., 2012).  However, in moderate levels, 
Spo0A~P triggers other less energy consuming stress responses, such as 
biofilm formation, sessile behavior, cannibalism, antibiotic production, or  
competence (Fujita et al., 2005; Robleto et al., 2012).  
Another important positive regulator for entry into sporulation is the 
RNA polymerase sigma factor σH, whose regulatory pathways are 
interconnected with those leading to the production of Spo0A~P. σH 
regulates transcription in the predivisional cell, controls the expression of 
several genes involved in the phosphorelay, including spo0A, and is essential 
for asymmetric division (Britton et al., 2002; Molle et al., 2003; Hilbert and 
Piggot, 2004).  
Asymmetric septum formation is initiated by redirecting the division 
machinery to near the cell pole (Errington, 2003). Consequently, when 
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finishing the asymmetrical division, only 1/3 of the chromosome is trapped 
in the prespore (Fig 1.2, stage II). Thus, a DNA translocase is required for 
translocation of the remaining chromosome (Wu and Errington, 1997).  
 
Compartmentalized gene expression in B. subtilis 
Immediately after asymmetric division, two parallel programs of 
gene expression start in each daughter cell, directed by different, 
sporulation-specific, RNA polymerase sigma factors. The first sigma factor to 
become active is σF in the prespore, followed by σE in the mother cell; after 
engulfment, they are replaced by σG and σK, respectively (Piggot and Hilbert, 
2004).  
σF is synthesized before asymmetric division and held inactive by 
association with an anti-σ factor. This association is untied by interaction 
with an anti-anti-σ factor, activating σF. The anti-anti-σ factor is regulated by 
phosphorylation and dephosphorylation cycles that involve a phosphatase 
present in higher levels in the prespore. This contributes to restrict σF 
activity to this compartment (Min et al., 1993; Arigoni et al., 1996; Decatur 
and Losick, 1996; Duncan et al., 1996). Another factor that regulates σF 
activity is the transient chromosomal asymmetry generated during the 
asymmetrical division. Since the gene encoding anti-σ is one of the latest 
being translocated into the prespore, there is a time gap where it is not 
expressed in that compartment, allowing the presence of non-associated, 
active σF (Errington, 2003).  The products of genes controlled by σF mediate 
activation of σE in the mother cell, DNA repair and communication with the 
mother cell compartment. Also, σF directs the transcription of genes encoding 
σG and germination receptors (Robleto et al., 2012). 
 Soon after σF activation in the prespore, σE becomes active in the 
mother cell. σE is produced as an inactive precursor, pro-σE, that is activated 
via proteolytic processing by a protease under σF control (Jonas et al., 1988; 




whose products are involved in engulfment, mother cell metabolism and 
cortex and coat formation. It also directs activation of σG and synthesis and 
activation of σK and the transcription factors SpoIIID and GerR. These two 
regulators act together with σE to activate or repress the expression of 
several genes involved in sporulation and germination (Robleto et al., 2012). 
About 1 h after asymmetric division, the prespore is engulfed by the 
mother cell. Membrane migration around the prespore only occurs if the 
septal peptidoglycan is hydrolyzed by several σE-dependent enzymes 
(Guinand et al., 1974; Abanes-De Mello et al., 2002; Morlot et al., 2010). 
Engulfment also requires a channel composed by proteins synthesized in 
both compartments that may function as a feeding tube to nurture the 
forespore or may drive the membrane movements around it (de Hoon et al., 
2010; Higgins and Dworkin, 2012; Crawshaw et al., 2014). After engulfment 
completion, σG is activated in the forespore to direct the final stages of spore 
development, together with σK in the mother cell. The gene coding for an 
inactive form of σG is transcribed only in the forespore under σF control, and 
its synthesis and activation require signals from the two compartments (Sun 
et al., 1989). σG activation also involves at least one component of the channel 
mentioned above. Thus, either the channel is required to import specific 
regulatory factors to activate σG, or its assembly is an engulfment checkpoint 
(Errington, 2003; Blaylock et al., 2004; Meisner et al., 2008; de Hoon et al., 
2010). A third factor that regulates activity of σG is an anti-σ factor that 
prevents pre-engulfment activation and avoids a rapid increase of its levels 
in the forespore (Serrano et al., 2011). σG-dependent genes encode important 
factors for σK activation, cortex morphogenesis, acquisition of the spore 
resistance properties and germination (Robleto et al., 2012). 
σK is the last sporulation-specific sigma factor being activated, and its 
activity is regulated both at transcriptional and post-translational levels. The 
DNA element coding for σK is interrupted by an integrated prophage-like 
element that has to be excised by a mother cell-specific, σE and SpoIIID-
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dependent recombinase (Stragier et al., 1989; Sato et al., 1990). Also, σK is 
transcribed as an inactive precursor, and is proteolytically activated by a 
protease that requires σE and σG-dependent elements (Dong and Cutting, 
2003). σK directs the expression of factors involved in coat formation, 
germination and mother cell autolysis. It is also required for activation of the 
transcription factor GerE, which activates and represses the expression of 
several genes under σK control  (Robleto et al., 2012). 
 
 
THE SPORE COAT IN B. SUBTILIS 
 
Morphogenesis of the spore coat in B. subtilis is a model system to 
study the formation of supramolecular structures at specific subcellular sites, 
in coordination with gene expression cascades, during a cell differentiation 
pathway. Understanding these mechanisms is a major goal in developmental 
biology, since all organisms share the challenge of directing the assembly of a 
vast number of proteins into functional molecular machines. Viral capsids 
(Dokland et al., 1997), bacterial flagellum (McCarter, 2006), the divisome 
(Goehring and Beckwith, 2005) or the clathrin-coated vesicles in eukaryotic 
cells (Kaksonen et al., 2005) are a few examples. Despite the diversification 
of these supramolecular machines in terms of structure and function, their 
assembly follows the same basic rules.  
 
Structure of the coat  
In mature spores of B. subtilis, the coat commonly varies between 60 
and 250 nm width, appearing thicker at the spore poles (Driks, 1999; 
Henriques and Moran, 2007). This structure is composed of more than 80 
different proteins, whose main features are referred in Table A1 of the 
Appendices. Transmission electron microscopy revealed that the B. subtilis 




the basement layer or undercoat, the inner coat, the outer coat and the crust 
(Fig. 1.1). The basement layer, with an amorphous appearance, is the 
innermost one. It contains proteins involved in initial steps of coat assembly 
and is presumably important to bridge the cortex and the coat (Driks, 1999; 
Henriques and Moran, 2007; McKenney et al., 2013). Surrounding the 
basement layer, there is the lightly staining, lamellar inner coat, delimited by 
the electron-dense, striated outer coat. Together, these two substructures fill 
most of the coat volume (Driks, 1999; Henriques and Moran, 2007; 
McKenney et al., 2013). The outermost layer is the crust, which was 
identified by staining the spores with ruthenium red before electron 
microscopy (Waller et al., 2004). This compound marks acid polysaccharides, 
indicating that the crust comprises glycosylated components. As this is a 
characteristic of the exosporium of other sporeformers, the crust may 
represent a rudimentary exosporium in B. subtilis (Waller et al., 2004; 
McKenney et al., 2010; McKenney et al., 2013). The existence of these four 
spatially distinct coat sublayers is supported by fluorescence microscopy 
coupled with high-resolution image analysis. By mapping the subcellular 
localization of several coat proteins fused to GFP or its derivatives and 
determining their genetic dependencies, coat components were grouped in 
four substructures that correspond to the layers described before (Imamura 
et al., 2010; McKenney et al., 2010).  
Recently, B. subtilis mutant spores missing some important proteins 
for coat assembly were examined by high-resolution atomic force 
microscopy. This study supports the existence of the four coat layers 
previously reported and add others not identified before. According to the 
authors, the coat is organized into the basement layer or undercoat, a 
multilayer structure that possibly corresponds to the inner coat, a layer of 
‘‘nanodot’’ particles that may be CotE molecules, a fibrous/granulous layer 
that likely corresponds to the outer coat, a honeycomb layer, a rodlet layer 
and an outermost amorphous crust (Plomp et al., 2014). 




About 70% of the B. subtilis coat proteins can be solubilized and 
extracted from purified spores by alkali treatment or using detergents and 
reducing agents. Proteins within this soluble fraction can then be resolved by 
SDS-PAGE, individually extracted from the gel and partially sequenced 
(Henriques and Moran, 2007; Aronson, 2012). This approach, coupled with 
reverse genetics, led to the identification of the first coat proteins. Nowadays, 
mass spectrometry, fluorescence microscopy and global transcriptional 
profiling of the mother cell compartment have been used to find additional 
coat components (van Ooij et al., 2004; Kim et al., 2006). Coupling 
fluorescence microscopy with high-resolution image analysis, it is possible 
not only to identify proteins that compose the coat, but also to assign them to 
a particular sublayer (Imamura et al., 2010; McKenney et al., 2010).  
Most of the identified coat proteins are structural components, 
although there are also enzymes with important roles, such as post-
translational modifications, spore resistance and germination (Table A1 of 
Appendices). For example, Tgl is a transglutaminase that cross-links several 
coat proteins (Zilhao et al., 2005), SodA is a superoxide dismutase that 
provides protection against toxic oxidative compounds (Henriques et al., 
1998), and CwlJ is a cortex lytic enzyme essential for germination (Ragkousi 
et al., 2003).  
As mentioned before, the composition of the coat varies between 
species, reflecting the physical and nutritional conditions where the spores 
developed and persist (Nicholson et al., 2000; Riesenman and Nicholson, 
2000; Klobutcher et al., 2006; Setlow, 2006; Aronson, 2012). Thus, most coat 
proteins are not conserved among sporeformers. Genome sequence 
comparison suggests that only about half of the known B. subtilis coat 
proteins have orthologous in other Bacillus, and the number is even lower if 
comparing to Clostridium species (Henriques and Moran, 2007; 




McKenney et al., 2013) (Table A1 of Appendices). However, some species-
specific coat proteins have functional analogues in other sporeformers. For 
example, SpoVID is a Bacillus protein essential for migration of the coat 
components around the spore (Beall et al., 1993; Wang et al., 2009), and SipL 
is its functional analogous in Clostridium difficile (Putnam et al., 2013). 
SpoVID and SipL have a high degree of divergence, but both interact with 
SpoIVA (that directly recruits SpoVID to the surface of the spore) and their 
absence result in similar phenotypes in sporulating cells (Beall et al., 1993; 
Wang et al., 2009; Putnam et al., 2013). This is a case where two organisms 
developed different structural solutions for the same biological challenge. In 
opposition, SpoIVA is one of the most conserved coat proteins in Bacillus and 
Clostridium species, but while in B. subtilis it has a role in both cortex and 
coat assembly, it is not required for cortex formation in C. difficile (Roels et 
al., 1992; Henriques and Moran, 2007; Putnam et al., 2013).   
 
Regulation of coat assembly 
Coat assembly begins as soon as the asymmetric septum starts to 
curve and proceeds even after spore release into the environment. Along the 
time, coat proteins are synthesized in the mother cell and deposit at the 
surface of the developing spore. Initially, they accumulate at the mother cell-
proximal (MCP) pole and then they encircle the spore in successive waves 
(Henriques and Moran, 2000; Errington, 2003; Henriques and Moran, 2007; 
McKenney and Eichenberger, 2012; McKenney et al., 2013). Coat 
morphogenesis is regulated at three levels: the time and localization of 
synthesis of coat components, the guiding role of a small group of coat 
proteins named morphogenetic proteins (see below) and the post-
translational modifications of the coat components (Henriques and Moran, 
2007).   
The genes coding for coat proteins are organized in four regulons 
under control of σE, σK, SpoIIID, GerR and GerE. These regulators are 
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expressed in a hierarchical cascade, forming feed forward loops in which one 
of the regulators is required for synthesis of a second one, and together they 
control the expression of several target genes. This assures that coat proteins 
are synthesized in a specific order and in the right compartment (Driks, 
1999; Henriques and Moran, 2000; Eichenberger et al., 2004; Steil et al., 
2005). Genes within the first regulon are expressed under control of σE just 
before the asymmetric septum begins to curve. They include spoVM, spoIVA, 
spoVID, safA and cotE, which encode essential proteins for initiation of coat 
assembly. This regulon also comprises the genes coding for GerR, SpoIIID 
and σK. GerR represses the transcription of some genes under control of σE, 
while SpoIIID acts as a positive or negative regulator of the expression of 
several σE-dependent genes. σK, whose activation requires the concerted 
action of σE and SpoIIID, promotes the transcription of a large group of genes 
coding for coat proteins, as well as of gerE. In turn, GerE represses the 
expression of several σE-dependent genes, and together with σK, activates 
transcription of the genes that compose the last regulon (Driks, 1999; 
Henriques and Moran, 2000; Eichenberger et al., 2004; Steil et al., 2005; 
Henriques and Moran, 2007).  
As the coat components are synthesized, they are guided to their 
specific subcellular sites by morphogenetic proteins (see below) and the coat 
is gradually formed. Protein-protein interactions, cross-linking, proteolytic 
processing, glycosylation and other post-translational modifications 
contribute to the assembly process (Henriques and Moran, 2007; Aronson, 
2012). For instance, in the final stages of coat morphogenesis, several 
proteins are cross-linked by enzymes, such as Tgl and probably SodA, or via 
disulfide bridges. Tgl-dependent cross-linking in fact occurs mainly following 
spore release through lysis of the mother cell; hence, the released spore has 
an unfinished coat whose maturation path will depend on the environmental 





The role of morphogenetic proteins in coat assembly 
 Morphogenetic proteins are a small subset of coat proteins whose 
function is to guide coat assembly. They localize at the surface of the 
prespore at earlier stages and direct the other coat components to their 
specific cellular sites. The role of these proteins is exclusively in protein 
localization, not interfering with their synthesis. In B. subtilis, the most 
important morphogenetic proteins are SpoVM, SpoIVA, SpoVID, SafA and 
CotE. The absence of each of these proteins results in spores missing the coat 
or exhibiting a coat with severe defects (Driks et al., 1994; Henriques and 
Moran, 2000, 2007; McKenney et al., 2013). 
 
SpoVM: 
SpoVM is among the first proteins assembling at the surface of the 
prespore. The transcription of its gene initiates 2 hours after the onset of 
sporulation, and the protein starts localizing at the asymmetric division 
septum shortly after it begins to curve. Then, SpoVM tracks along the 
engulfing membrane, surrounding the forespore (Levin et al., 1993; van Ooij 
and Losick, 2003; Le and Schumann, 2008). 
This morphogenetic protein is important for assembly of both the 
cortex and the coat. In a spoVM null mutant, spores exhibit an incipient cortex 
and the coat is thin, disorganized and loosely attached. Fluorescence 
microscopy experiments using 40 coat proteins-GFP fusions showed that in 
the absence of SpoVM, most coat proteins are recruited to the MCP pole of 
the spore, but fail to encircle it. As a result, mutant spores are sensitive to 
heat, organic solvents and lysozyme (Levin et al., 1993; Wang et al., 2009).  
SpoVM is a 3 kDa, 26 residues peptide that folds into an amphipathic 
α-helix in the presence of lipids. This helix recognizes the positive curvature 
of the outer forespore membrane and localizes at its surface according to a 
specific orientation. The cytosolic side of the helix contains six positive 
charged residues, while all but three hydrophobic residues lie on the 
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opposite face, buried in the phospholipid bilayer (Levin et al., 1993; Prajapati 
et al., 2000; van Ooij and Losick, 2003; Ramamurthi et al., 2006; Le and 
Schumann, 2008; Ramamurthi et al., 2009) (Fig. 1.3 A). The three 
hydrophobic residues on the cytosolic side of the helix (F3, I6 and P9) 
localize at the N terminus and are essential for SpoVM localization and 
function. Localization of SpoVM also requires SpoIVA to restrict it to the 
spore surface, and residue I6 is involved in a direct interaction between these 
proteins (Prajapati et al., 2000; van Ooij and Losick, 2003; Ramamurthi et al., 
2006). Moreover, residue I15 is essential for cortex formation, but not for 
SpoVM localization or for initiation of coat assembly (Ebmeier et al., 2012). 
 
SpoIVA: 
SpoIVA is present in all sporeformers examined to date, which is a 
strong indication of its importance. It starts localizing earlier at the MCP pole 
of the prespore and then encircles it (Roels et al., 1992; Driks et al., 1994; 
Price and Losick, 1999; Henriques and Moran, 2007). As SpoVM, SpoIVA is 
involved in both cortex and coat formation. spoIVA null mutant spores miss 
the cortex, and coat proteins fail to assemble at the spore surface, forming 
swirls dispersed at the mother cell cytoplasm (Roels et al., 1992; Stevens et 
al., 1992). These swirls are composed by partially structured material, 
supporting that coat components are able to self-assemble (Aronson and 
Fitz-James, 1971; Aronson et al., 1992).  
SpoIVA has 492 residues and comprises an N and a C-terminal 
conserved domains (Price and Losick, 1999) (Fig 1.3 B). The N-terminal 
domain, corresponding to the first 240 residues, has the characteristic fold of 
GTPases. It includes a highly conserved Walker A motif between residues 24 
and 31 that is responsible for ATP binding and hydrolysis. This motif is 
essential for SpoIVA self-assembly into cable-like structures in an ATP-
dependent manner, a mechanism presumably required for the formation of a 





Figure 1.3 – Schematic representation of the main morphogenetic proteins in B. subtilis 
spore coat. A) The amphipathic α-helix SpoVM, with its hydrophobic and positive charged 
faces; B) SpoIVA, comprising the GTPase N-terminal domain (G), with the Walker A motif, 
and the C-terminal localization region (C); C) SpoVID consists of an N-terminal domain (N), 
a middle extended region (M) and a C-terminal targeting region composed by region A and 
the LysM domain; D) SafA has a LysM domain at the N terminus, followed by region A, 
essential for interaction with SpoVID. The region that composes the SafAC30 form is 
represented in dark yellow, with the PYYH motif highlighted; E) CotE, composed of an N-
terminal domain involved in oligomerization and a localization region also important for 
oligomer formation. 
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assembly. Furthermore, the Walker A motif, in particular residue K30, is 
involved in SpoIVA localization, indicating that the ATPase activity may be 
important for its targeting at the spore surface (Ramamurthi and Losick, 
2008; Mullerova et al., 2009; Castaing et al., 2013). The SpoIVA C-terminal 
domain comprises the last 82 residues and interacts with SpoVM. These two 
morphogenetic proteins are co-dependent for localization: SpoIVA requires 
SpoVM to encircle the spore, and in turn SpoIVA helps restricting SpoVM to 
the spore surface (Price and Losick, 1999; Ramamurthi et al., 2006). SpoIVA 
is also essential for subcellular localization of three others morphogenetic 
proteins: SpoVID, SafA and CotE (Driks et al., 1994; Ozin et al., 2001b; Wang 
et al., 2009). Direct interactions of SpoIVA with SpoVID and SafA were 
already demonstrated in vitro (Mullerova et al., 2009; Wang et al., 2009; Qiao 
et al., 2012). 
 
SpoVID: 
SpoVID is synthesized 2 hours after asymmetrical division and 
encircles the spore in a SpoVM-dependent manner. In the absence of this 
protein, sporulating cells exhibit a phenotype reminiscent of the spoIVA null 
mutant, in the sense that coat proteins also accumulate in the mother cell 
cytoplasm in partially structured swirls (Beall et al., 1993; Driks et al., 1994). 
Fusions of coat proteins to GFP localize at the MCP pole in spoVID null mutant 
spores, but fail to encircle them, similarly to what happens in cell missing 
SpoVM (Wang et al., 2009). However, contrarily to spoVM and spoIVA null 
mutants, the cortex is not affected. As a result, spoVID mutant spores are 
susceptible to lysozyme, but not to high temperatures, and are deficient in 
germination (Beall et al., 1993; Driks et al., 1994).  
This 575 residues long, highly acidic protein is composed by a N-
terminal domain, a middle domain with an extended coiled-coil conformation 
and a C-terminal region comprising the 24 residues region A and a LysM 




2009) (Fig. 1.3C). The N-terminal domain has 137 residues, resembles the 
phage-capsid protein PP7, and is essential for the morphogenetic function of 
SpoVID. In particular, a small region at the end of this domain (residues 86-
136) is required for migration of coat components around the developing 
spore (Wang et al., 2009) (see Chapters 2 and 3). The N-terminus of SpoVID 
interacts directly with the morphogenetic protein for the inner coat 
assembly, SafA (Costa et al., 2006).  
The C-terminal region of SpoVID is required for the assembly at the 
spore surface. Both region A, via interaction with SpoIVA, and the LysM 
domain are essential for SpoVID localization, although it seems that the 
major contribution comes from region A. (Mullerova et al., 2009; Wang et al., 
2009). Since LysM motifs are commonly glycan-binding modules, it has been 
suggested that its role in SpoVID localization might implicate spore 
peptidoglycan recognition (see Chapter 4). However, it remains to be 
explained how the LysM domain binds to the spore peptidoglycan in the 
presence of the outer forespore membrane.   
SpoVID oligomerizes in vitro (Ozin et al., 2000; Mullerova et al., 
2009), and oligomerization may be important for the encasement process. 
Disulfide bridges may be involved, as SpoVID has five cysteine residues, two 
of them in the N-terminal domain. The homologous phage-capsid protein PP7 
also has two cysteines that are responsible for oligomerization during 
assembly of the viral capsid (Tars et al., 2000; Caldeira and Peabody, 2007).  
 
SafA: 
SafA, also known as YrbA, localizes at the cortex/coat interface and is 
essential for inner coat morphogenesis. safA null mutant spores exhibit a 
reduced inner coat and a loosely attached outer coat that tends to peel off. 
These spores are sensitive to lysozyme and deficient in germination 
(Takamatsu et al., 1999; Ozin et al., 2000). Moreover, at least CotG is absent 
from their outer coat, showing that although the role of SafA is mainly in 
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inner coat assembly, it also makes important contributions for outer coat 
formation (Ozin et al., 2000).  
SafA is a proline-rich protein that has at least three forms in 
sporulating cells: the 45 kDa full-length form, comprising 387 residues, a 30 
kDa form named SafAC30 that results from alternative internal translation 
starting from M164 (Fig. 1.3 D), and a 21 kDa N-terminal form termed 
SafAN21 (Ozin et al., 2000; Takamatsu et al., 2000b; Ozin et al., 2001a). The 
full-length form starts accumulating earlier, as the asymmetric septum 
begins to curve (Ozin et al., 2000; Takamatsu et al., 2000a), and has the 
morphogenetic role in coat assembly (Ozin et al., 2001a). In contrast, neither 
SafAN21 nor SafAC30 are essential for coat formation. SafAC30 requires the full-
length form of SafA for localization, and interacts with the full length protein 
in vitro (Ozin et al., 2001b). 
SafA has a LysM domain at its N-terminal end, followed by a 
conserved region A (residues 51-63) that interacts directly with SpoVID (Fig. 
1.3 D). This interaction is essential for SafA localization and function, and 
consequently for proper coat assembly. At the C-terminal half of SafA there is 
another region of interaction with SpoVID, named region B or PYYH motif 
(residues 203 and 206). Region B is important for formation of the SpoVID-
SafA complex and its deletion causes deficient formation of the coat (Ozin et 
al., 2000; Ozin et al., 2001b; Costa et al., 2006). 
SafA requires SpoVID to encircle the spore, yet its initial localization 
at the MCP pole depends on SpoIVA (Ozin et al., 2001b; Wang et al., 2009). 
SafA establishes a direct interaction with this protein, but it appears weaker 
than the interaction with SpoVID (Mullerova et al., 2009; Qiao et al., 2012). It 
has been suggested that the LysM domain may also have a role in SafA 
localization via  spore peptidoglycan binding, but again it is not clear how the 
LysM crosses the outer forespore membrane to reach it (Ozin et al., 2000; 
Ozin et al., 2001b) (see Chapter 4).  




exception of the N-terminal region, it is possible that it extends radially from 
the cortex until reaching the outer coat. The LysM domain would be buried 
into the peptidoglycan layer, while the C-terminal region interacts with other 
coat proteins. The SafAC30 form may contribute to increase the surface 




CotE is essential for assembly of the outer coat and the crust. Proteins 
that constitute these layers fail to localize properly in cotE null mutants, 
resulting in germination-deficient spores with susceptibility to lysozyme 
(Zheng et al., 1988; Kim et al., 2006). However, likewise the major 
morphogenetic protein for inner coat formation, SafA, has a role in outer coat 
integrity, CotE also contributes to inner coat morphogenesis. It is important 
for the retention of at least some inner coat proteins, such as OxdD, at the 
spore surface and may be involved in a direct interaction with some of them 
(Zheng et al., 1988; Kim et al., 2006; Henriques and Moran, 2007). 
Production of CotE is regulated at the transcription level by two 
tandem promotors. At first, cotE is expressed from promotor P1, controlled 
by σE, while in a second stage it requires promotor P2, initially regulated 
under jointed control of σE and SpoIIID and that remains active under control 
of σK (Costa et al., 2007). CotE starts localizing at a 75 nm distance from the 
surface of the forespore, forming a ring that may be the basal layer for 
assembly of the outer coat. The gap between the basement layer and this 
ring, whose composition is unknown, is called matrix or precoat and defines 
the place for inner coat assembly after engulfment (Driks et al., 1994; 
Henriques and Moran, 2007). 
CotE, with 181 residues, has a modular design. The N-terminal 
domain and the C-terminal region (residues 1-106 and 153-181, 
respectively) are important to direct the assembly of coat proteins. Residues 
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107-141 are involved in CotE localization and, together with a second region 
in the N-terminal half of the protein (residues 58-75), in oligomerization (Fig. 
1.3 E). The ability to form oligomers may facilitate the formation of the CotE 
ring around the spore (Bauer et al., 1999; Little and Driks, 2001; Krajcikova 
et al., 2009).  
CotE depends on SpoIVA to localize at the surface of the prespore and 
on SpoVID to encircle it (Driks et al., 1994; Wang et al., 2009). In turn, CotE is 
essential for the localization of CotH and CotO, two other morphogenetic 
proteins with roles in assembly of small subsets of coat proteins, in 
germination and in lysozyme resistance (Naclerio et al., 1996; Zilhao et al., 
1999; Eichenberger et al., 2003; McPherson et al., 2005).  
Moreover, CotE is required for assembly of CotW, CotX and CotZ, 
which are important in crust morphogenesis. This outermost layer is mainly 
composed by proteins synthesized at later stages. Most of them are cysteine-
rich and highly cross-linked, being part of the coat insoluble fraction. In the 
absence of the crust, spores show altered surface properties, specially 
hydrophobicity, and increased accessibility to germinants (Zhang et al., 1994; 
Kim et al., 2006; Henriques and Moran, 2007; Krajcikova et al., 2009; 
McKenney et al., 2010; Imamura et al., 2011). 
 
The coat genetic interaction network 
 Subcellular localization, genetic dependencies and direct interactions 
between coat proteins provide us clues on the mechanisms governing their 
recruitment and assembly at specific subcellular sites. SpoVM, SpoIVA and 
SpoVID are required for formation of all the coat sublayers (Roels et al., 
1992; Stevens et al., 1992; Beall et al., 1993; Levin et al., 1993; Wang et al., 
2009). SpoVM and SpoIVA interact directly and are co-dependent for 
localization, while SpoVID depends on both to localize and binds at least 
SpoIVA (Price and Losick, 1999; Ramamurthi et al., 2006; Mullerova et al., 




assembly of the inner coat and the outer coat and crust components, 
respectively (Zheng et al., 1988; Takamatsu et al., 1999; Kim et al., 2006; 
McKenney et al., 2010). They require SpoVM, SpoIVA and SpoVID for 
localization, and at least SafA interacts directly with SpoIVA and SpoVID 
(Driks et al., 1994; Ozin et al., 2000; Ozin et al., 2001b; Costa et al., 2006; 
Mullerova et al., 2009; Wang et al., 2009; Qiao et al., 2012). Altogether, this 
indicates that protein-protein interactions play a major role in directing coat 
morphogenesis. It also suggests that assembly of the inner and the outer coat 
are largely independent processes, driven by different morphogenetic 




Figure 1.4 – Interactions and dependencies between the major morphogenetic proteins for 
assembly of the spore coat in B. subtilis. Filled arrows represent the dependencies and 
direct interactions already documented, while spotted arrows represent dependencies 
where a direct interaction was not reported to date. 
 
 
According to this, coat proteins can be defined by its inability to 
localize at the spore surface in the absence of SpoIVA. If they also fail to 
localize in safA or cotE null mutants, they are catalogued as inner or outer 
coat/crust components, respectively. Using these criteria, more than 40 coat 
proteins fused to GFP were examined for their dependencies for assembly, 
revealing a network of genetic interactions. This network is organized in 
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three essentially independent modules: SafA-dependent proteins, CotE-
dependent proteins, and proteins that are independent of SafA and CotE for 
localization, but are SpoIVA-dependent (Kim et al., 2006; McKenney et al., 
2010). Moreover, it was demonstrated that these coat protein fusions 
localize at the spore surface in spatially distinct layers that correlate with 
their dependencies. SafA- and CotE-independent proteins assemble closest to 
the spore membrane, forming the basement layer. The next layer comprises 
SafA-dependent proteins that compose the inner coat. CotE-dependent 
proteins are the outermost ones, distributed in two significantly separated 
groups that correspond to the outer coat and the crust (Imamura et al., 2010; 
McKenney et al., 2010; McKenney and Eichenberger, 2012) (Fig 1.4).  
It is likely that SafA and CotE interact with and recruit most coat 
proteins that constitute the inner coat and the outer coat and crust, 
respectively. Thus, SafA and CotE are presumably hub proteins, which bind a 
large number of partners. Hub proteins typically play essential roles in 
interactomes and the effect of their deletions is drastic. Also, they tend to be 
highly conserved across species comparing to other proteins in the same 
network, as happens with SafA and CotE in Bacillus (Henriques and Moran, 
2007; McKenney et al., 2013).  
 
Two steps in coat assembly: targeting and encasement 
In the absence of SpoIVA, the deposition of most of the 40 coat 
proteins-GFP fusions at the surface of the developing spore is compromised. 
In cells missing SpoVM or SpoVID, these fusions typically anchor to the spore 
surface, but then they fail to encircle it. This shows that there are two 
successive steps in coat assembly: localization, or targeting, and spore 
encasement. In the targeting step, governed by SpoIVA, coat proteins are 
recruited to the MCP pole of the developing spore. Then, during encasement, 
controlled by SpoVM and SpoVID, they encircle the spore in successive waves 




CotE are the core of the molecular machine responsible for recruitment of 
coat proteins to the spore surface, whereas SpoVM and SpoVID are involved 
in their transition to a symmetric distribution around it (Driks et al., 1994; 
Wang et al., 2009; McKenney and Eichenberger, 2012; McKenney et al., 
2013). 
 SpoVM is essential for encasement by all the coat protein fusions 
examined so far, while SpoVID is required for most of them. Moreover, the N-
terminal domain of SpoVID plays a determinant role in the mechanism, 
specifically through a region between residues 86 and 136 (Wang et al., 
2009; McKenney et al., 2013) (see Chapters 2 and 3 for details). The driving 
force that pulls encasement around the spore is unknown. Since at least some 
morphogenetic proteins form oligomers, including SpoVID (Little and Driks, 
2001; Ozin et al., 2001b; Ramamurthi and Losick, 2008; Krajcikova et al., 
2009; Mullerova et al., 2009; Castaing et al., 2013), it is possible that protein 
polymerization facilitates the process (McKenney et al., 2013). 
 
Successive waves of encasement during coat morphogenesis 
The localization patterns of coat proteins over the course of 
sporulation were analysed in detail using the library of 40 fluorescent 
fusions mentioned before. This lead to the classification of coat components 
in six kinetics classes, three of them composed by earlier-localizing proteins 
(I, II and III) and the other three by the late-localizing ones (IV, V and VI) 
(McKenney and Eichenberger, 2012; McKenney et al., 2013) (Fig. 1.5 and 
Table A1 of Appendices). 
Earlier-localizing proteins are encoded by σE-dependent genes and 
include morphogenetic proteins required for assembly of all the coat 
sublayers. They start localizing simultaneously at the MCP pole once the 
asymmetric septum begins to curve, forming an organized, multilayered 
scaffold. Then, proteins that compose each class encase the spore at a 
different rate, according to their transcriptional dependencies. As a result, 
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the spore is encased in successive waves (Driks et al., 1994; McKenney and 
Eichenberger, 2012). The first wave of encasement consists of proteins from 
the kinetic class I, which track along with the mother cell engulfing 
membrane. Among them are morphogenetic proteins required for assembly 
of the basement layer (SpoIVA) and presumably the inner coat (SafA), as well 
as the ones that guide encasement (SpoVM and SpoVID). Expression of class I 
protein genes is either exclusively regulated by σE, such as spoVID, or it is 
also repressed by SpoIIID, as spoIVA. After engulfment completion, the 
second wave of encasement takes place, composed by class II proteins. First, 
they localize at the MCP pole as a dot that turns into a cap. After MCD pole 
establishment, a second cap appears at the opposite pole and then the two 
caps expand and surround the spore. Class II protein genes are presumably 
transcribed under positive regulation of σE and SpoIIID, and include cotE. The 
last wave of encasement among the earlier-localizing proteins is composed 
by class III proteins, which localize identically as those from class II, yet 
encasement only begins after the forespores became phase-dark. These 
proteins are encoded by genes expressed under control of combinations of 
σE, σK and GerE, and include CotZ, required for crust assembly (McKenney 
and Eichenberger, 2012; McKenney et al., 2013) (Fig. 1.5). According to this, 
the basement layer and the inner coat are the first layers encasing the spore, 
followed by the outer coat and finally the crust. The temporal differences in 
the encasement by coat layers reflect the timing of expression of their 
components, in particular of their morphogenetic proteins. Thus, pulses of 
gene expression have a determinant role in regulation of spore encasement, 
and consequently in coat formation (McKenney and Eichenberger, 2012; 
McKenney et al., 2013) (Fig. 1.5).  
Late-localizing proteins (classes IV, V and VI) are synthesized at later 
stages and are progressively added to the different layers of the developing 
coat. At that time, the MCD pole is already established, and therefore these 




localizing immediately after engulfment completion. Proteins from class V 
initiate assembling in phase-dark spores, and finally those from class VI only 
localize in phase-bright spores. All four coat layers contain components from 
late-localizing classes, indicating that coat formation does not occur by the 
ordered addition of each layer at a time, but rather there are proteins of all 
layers assembling simultaneously. This implicates that the coat remains 
permeable along morphogenesis, even to large proteins (McKenney and 




Figure 1.5 – Model for spore coat morphogenesis in B. subtilis. As soon as the asymmetric 
septum begins to curve, the major morphogenetic proteins involved in coat assembly, as 
well as other coat proteins, localize at the MCP pole of the prespore. An organized, 
multilayered scaffold is formed, comprising proteins whose genes are under σ
E 
regulation. 
These proteins encase the spore in successive waves, starting from the basement layer 
and inner coat components, followed by outer coat proteins and later by crust proteins. 
Among the earlier-localizing proteins, those from the basement layer and the inner coat are 
encoded by genes exclusively regulated by σ
E
, or by σ
E 
and SpoIIID. Transcription of the 




 and SpoIIID, while transcription of 




 and GerE. The basement 
layer is represented in orange, the inner coat in yellow, the outer coat in light blue and the 




AIMS OF THIS WORK 
 
With this work, we sought to elucidate the mechanisms governing 
coat assembly. The current model predicts that SpoVID promotes spore 
encasement by coat components via direct interactions with other 
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morphogenetic proteins. Direct interactions of SpoVID with SpoIVA and SafA, 
the hub for inner coat proteins, were previously demonstrated. However, the 
interaction between SpoVID and CotE, the hub for the outer coat/crust 
proteins has remained a missing link in the model. Thus, we wanted to 
investigate how SpoVID guides encasement by the outer coat components 
(Chapter 2). Also, we aim at understanding how a small region at the end of 
the N-terminal domain of SpoVID directs encasement by all coat layers 
(Chapters 2 and 3). Finally, we sought to explore the role of the LysM domain 
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During sporulation in Bacillus subtilis, a protective, multilayered, 
proteinaceous coat composed of at least 80 different proteins is assembled 
around the spore. Spore coat formation is divided in two distinct stages. The 
first is the recruitment of proteins to the spore surface, dependent on the 
morphogenetic protein SpoIVA. The second step, known as encasement, 
involves the migration of the coat proteins around the circumference of the 
spore in successive waves. This step is dependent on the morphogenetic 
protein SpoVID and the transcriptional regulation of individual coat genes.  
In this study, we provide genetic and biochemical evidence 
supporting that SpoVID promotes encasement of the spore by establishing 
direct protein-protein interactions with other coat morphogenetic proteins. 
It was previously demonstrated that SpoVID directly interacts with SpoIVA 
and with the inner coat morphogenetic protein, SafA. Here, we show by yeast 
two-hybrid and pulldown assays that SpoVID also interacts directly with the 
outer coat morphogenetic protein, CotE. Mutational analysis revealed a 
specific residue in the N-terminal domain of SpoVID that is essential for the 
interaction with CotE but dispensable to bind SafA. We discuss the structural 
features of the N-terminal domain of SpoVID and we provide evidence for 
oligomerization of this domain. Finally, we propose an updated model of coat 
assembly and spore encasement that incorporates several physical 










The Bacillus subtilis spore coat is a macromolecular structure whose 
assembly involves the coordinated association of over 80 proteins (Driks, 
1999; Kuwana et al., 2002; Lai et al., 2003; Henriques and Moran, 2007; 
McKenney and Eichenberger, 2012). These proteins are organized in four 
distinct structural layers: a basement layer, a lamellar inner coat, a thick 
outer coat, and an outermost layer, or crust (Henriques and Moran, 2007; 
McKenney et al., 2010) (see “Structure of the coat”, in Chapter 1). Coat 
morphogenesis consists of two coordinated but genetically separable 
phenomena: protein localization and spore encasement (Wang et al., 2009). 
As the coat genes are expressed at the mother cell compartment, the proteins 
assemble into a scaffold cap on the mother cell-proximal (MCP) pole of the 
forespore shortly after the beginning of engulfment (Driks et al., 1994; 
McKenney and Eichenberger, 2012). Then, in three successive waves, 
coordinated sets of coat proteins encase the spore to establish shells of each 
coat layer. Throughout the course of sporulation, coat proteins are 
synthesized, localized to the spore surface, and added to the underlying 
spore coat scaffold (McKenney and Eichenberger, 2012) (for a detailed 
description, see sections “Two steps in coat assembly: targeting and 
encasement” and “Successive waves of encasement during coat 
morphogenesis”, in Chapter 1). During this process, protein-protein 
interactions between coat components, including homo-oligomerization, are 
thought to play a determinant role (Ozin et al., 2000; Costa et al., 2006; 
Ramamurthi et al., 2006; Mullerova et al., 2009). 
The localization of the coat components is governed by 
morphogenetic proteins (Piggot and Coote, 1976; Zheng et al., 1988; Roels et 
al., 1992; Driks, 1999; Henriques and Moran, 2007). Among those, SpoIVA, 
SafA and CotE are primarily involved in localization of coat proteins to the 
spore surface. SpoIVA is required for attachment of the entire spore coat, 
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whereas SafA is specifically involved in assembly of the inner coat  and CotE 
is responsible for assembly of the outer coat and the crust (Piggot and Coote, 
1976; Zheng et al., 1988; Roels et al., 1992; Driks et al., 1994; Takamatsu et 
al., 1999; Ozin et al., 2000; McKenney et al., 2010; Imamura et al., 2011). In 
contrast, SpoVM is necessary for spore encasement of all known coat 
proteins, and SpoVID is required for encasement of most of them (Driks et al., 
1994; Wang et al., 2009). Domain analysis of SpoVID based on defined 
deletion mutations led to the identification of a region essential for 
encasement at the end of its N-terminal domain (residues 86 – 136). 
Regarding encasement by CotE, this region was restricted to only 12 amino 
acid residues, between L125 and L136 (Wang et al., 2009) (Fig. 2.1). 
 
 
Figure 2.1 – The region 
between residues 86 and 
136 at the N-terminal 
domain of SpoVID (N) is 
essential for encasement 
(Wang et al., 2009). Within 
this region, encasement by 
CotE requires residues 
L125 – L136. Red asterisks 
point the residues whose 





The mechanism that promotes migration of the coat proteins around 
the spore during encasement is poorly understood. Since SpoVID forms 
oligomers in vitro (Ozin et al., 2000; Mullerova et al., 2009), it is possible that 
it multimerizes at the spore surface while establishing protein-protein 
interactions with other coat components. In this manner, coat proteins would 
be dragged by SpoVID around the spore circumference, eventually 
surrounding it.  
In this study, we identified specific residues in the N-terminal domain 
of SpoVID that are necessary for encasement by the outer coat 
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morphogenetic protein CotE. We also discovered a direct interaction 
between SpoVID and CotE. Some of the same residues that are essential for 
the encasement function of SpoVID are also necessary for the physical 
interaction between SpoVID and CotE. This links the mechanism of spore 
encasement by the CotE and the outer coat proteins to a specific protein-
protein interaction. Moreover, we investigated the function of the two 
cysteines of the N-terminal domain of SpoVID in oligomerization, and we 
show that this domain is likely to be structured. We propose a model for 
encasement that integrates the interactions of SpoVID with SafA (Ozin et al., 
2001b; Costa et al., 2006) and CotE, as well as the oligomerization of SpoVID. 
 
 
MATERIALS AND METHODS  
 
Bacterial strains, media and general methods 
All bacterial strains used in this study are listed in Table 2.1. DNA 
manipulation and other molecular methods were performed according to 
standard protocols. Escherichia coli DH5α (Invitrogen) was used for cloning, 
while E. coli BL21(DE3), E. coli BL21(DE3)/pLysS and E.coli CC118(DE3)/ 
pLysS were used for protein expression. All B. subtilis strains are congenic 
derivatives of the wild type strain PY79 (Youngman et al., 1984). Cells were 
routinely grown in Luria-Bertani (LB) broth or in LB agar, supplemented 
with the appropriate antibiotics when needed. B. subtilis competent cells 
were prepared as described previously (Nicholson and Setlow, 1990), and 
sporulation was achieved by using a resuspension protocol (Sterlini and 
Mandelstam, 1969).  
 
Plasmids and strains construction 
Plasmids and oligonucleotides used in this study are listed in Tables 
A2  and  A3  of  the  Appendices,  respectively.  For  His-tag  pulldown  assays,   
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Table 2.1: Bacterial and yeast strains used in this study 
Strains Relevant properties Source 
   
B. subtilis   
PY79 Prototrophic derivative of B. subtilis 168 Youngman 
et al., 1984 
RL1070 spoVID::kan Driks et al., 
1994 
HS176 cotZΩpHS2 (cotZ-gfp spc) Kim et al., 
2006  
KW363 spoVID::kan amyE::spoVID-cfp cat  cotEΩpPM19 (cotE-yfp spc) Wang et al., 
2009 
PE793 yaaHΩpKW10 (yaaH-gfp spc) This study 
PE1496 cotOΩpPM4 (cotO-yfp spc) “ 
PE1547 spoIVAΩspoIVA-yfp spc “ 
PE2091 spoVID::kan amyE::spoVID∆125-136-cfp cat “ 
PE2094 spoVID::kan amyE::spoVID∆125-136-cfp cat cotEΩcotE-yfp spc “ 
PE2269 spoVID::kan amyE::spoVIDL131A-cfp cat “ 
PE2273 spoVID::kan amyE::spoVIDL125A-cfp cat cotEΩcotE-yfp spc “ 
PE2274 spoVID::kan amyE::spoVIDI127A-cfp cat cotEΩcotE-yfp spc “ 
PE2275 spoVID::kan amyE::spoVIDD130A-cfp cat cotEΩcotE-yfp spc “ 
PE2276 spoVID::kan amyE::spoVIDL131A-cfp cat cotEΩcotE-yfp spc “ 
PE2277 spoVID::kan amyE::spoVIDI133A-cfp cat cotEΩcotE-yfp spc “ 
PE2283 spoVID::kan amyE::spoVIDL131A-cfp cat spoIVAΩspoIVA-yfp spc “ 
PE2608 spoVID::kan amyE::spoVID∆125-136-cfp cat cotOΩcotO-yfp spc “ 
PE2611 spoVID::kan amyE::spoVID∆125-136-cfp cat cotZΩcotZ-gfp spc “ 
PE2612 spoVID::kan amyE::spoVID∆125-136-cfp cat yaaHΩyaaH-gfp spc “ 
PE2621 spoVID::kan amyE::spoVID∆125-136-cfp cat spoIVAΩspoIVA-yfp spc “ 
PE2616 spoVID::kan amyE::spoVIDL131A-cfp cat cotOΩcotO-yfp spc “ 
PE2619 spoVID::kan amyE::spoVIDL131A-cfp cat cotZΩcotZ-gfp spc “ 
PE2620 spoVID::kan amyE::spoVIDL131A-cfp cat yaaHΩyaaH-gfp spc “ 
 
E. coli   
   
DH5α F– Φ80lacZΔM15 Δ(lacZYA-argF) U169 recA1 endA1 hsdR17 (rK–, 
mK+) phoA supE44 λ– thi-1 gyrA96 relA1 
Invitrogen 
BL21 F– dcm ompT hsdS(rB– mB–) gal λ(DE3) Promega 
BL21 F– dcm ompT hsdS(rB– mB–) gal λ(DE3) pLysS (Cmr) Novagen 
CC118 Δ(ara-leu) araD ΔlacX74 galE galK phoA20 thi-1 rpsE rpoB 
argE(Am) recAl λ(DE3) pLysS (Cmr ) 
Colin 
Manoil 
PE2622 DH5α /spoVID-his in pET21b This study 
PE2623 BL21(DE3)/spoVID-his in pET21b “ 
PE2624 BL21(DE3)/cotE-STOP in pET21b “ 
PE2625 BL21(DE3)/spoVIDL125A-his in pET21b “ 
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Table 2.1: Bacterial and yeast strains used in this study (cont.) 
Strains Relevant properties Source 
   
PE2626 BL21(DE3)/spoVIDI127A-his in pET21b This study 
PE2627 BL21(DE3)/spoVIDD130A-his in pET21b “ 
PE2628 BL21(DE3)/spoVIDL131A-his in pET21b “ 
PE2629 BL21(DE3)/spoVID125-136-his in pET21b “ 
PE2630 BL21(DE3)/spoVIDI133A-his in pET21b “ 
AH1455 BL21(DE3)/pLysS/his-S-spoVID in pET30 Lab. stock 
AH1982 BL21(DE3)/pLysS/pTC37 (his-spoVID in pET16b) This study 
AH5140 BL21(DE3)/pFN30 (his-spoVIDC16A in pET16b) “ 
AH5141 BL21(DE3)/pFN31 (his-spoVIDC90A in pET16b) “ 
AH5142 BL21(DE3)/pFN32 (his-spoVIDC16A,C90A in pET16b) “ 
AH5312 BL21(DE3)/pFN97 (his-spoVIDN160 in pET16b) “ 
AH5348 BL21(DE3)/pFN98 (his-spoVIDN160, C16A in pET16b) “ 
AH5349 BL21(DE3)/pFN99 (his-spoVIDN160, C90A in pET16b) “ 
AH5350 BL21(DE3)/pFN100 (his-spoVIDN160, C16A,C90A in pET16b) “ 
AH2687 CC118(DE3)/pLysS/gst in pGEX-4T-3 Costa et al., 
2006 
AH2937 CC118(DE3)/pLysS/gst-safA162 in pGEX-4T-3 “ 
   
Yeast   
   
Y8800 MATa leu2-3,112 trp1-901 his3Δ200 ura3-52 gal4Δ gal80Δ cyh2R 
GAL2::ADE2, GAL1::HIS3-@LYS2, GAL7::lacZ@met2 
Boxem et 
al., 2008 
Y8930 MAT leu2-3,112 trp1-901 his3Δ200 ura3-52 gal4Δ gal80Δ cyh2R 
GAL2::ADE2, GAL1::HIS3-@LYS2, GAL7::lacZ@met2 
“ 
YPE324 Y8930 + pcotE(1-158)-AD This study 
YPE343 Y8800 + pspoVID(1-144)-BD “ 
YPE511 Y8800 + pspoVID(1-144 L131A)-BD “ 
YPE513 Y8800 + pspoVID(1-144 I133A)-BD “ 
YPE518 Y8930 + pDEST-AD “ 
YPE519 Y8800 + pDEST-BD “ 
YPE600 Y8800/Y8930 + pfos-AD + pjun-BD Walhout et 
al., 2000a 
 
the coding sequences of spoVID and cotE were cloned into pET21b vector 
(EMD4Biosciences), resulting in plasmids pET21b-spoVID-his and pET21b-
cotE-STOP. spoVID was amplified and inserted into the NdeI and XhoI of the 
vector, creating when expressed, an in-frame His-tag fusion to the C terminus 
of SpoVID. cotE was also inserted into the same sites of pET21b, with the 
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exception that tandem stop codons were built into the primers, such that 
CotE, when expressed, would not harbor the C-terminal His-tag.  
Plasmids pKW50, containing spoVID-cfp as well as sequences 
required for integration at the nonessential amyE locus (Wang et al., 2009), 
and pET21b-spoVID-his were used as templates to insert single amino acid 
substitutions in SpoVID-CFP and SpoVID-His constructs. As reported 
previously (Wang et al., 2009), the SpoVID-CFP fusion is functional in spore 
germination assays, which provide an indirect measurement of spore coat 
integrity. PCR mutagenesis was carried out using the QuikChange 
mutagenesis kit (Stratagene), and introduction of the mutations was 
confirmed by sequence analysis. The mutated plasmids with the spoVID-his 
and spoVID-cfp constructs were then transformed into the recipient strains B. 
subtilis spoVID::kan RL1070 (Driks et al., 1994) and E. coli BL21(DE3), 
respectively. Integration into the amyE locus was selected for based on 
acquisition of chloramphenicol resistance and loss of spectinomycin 
resistance. 
For oligomerization assays, spoVID was amplified and cloned into 
pET16b vector (Novagen), generating the plasmid pTC37, for His-SpoVID 
expression. This vector was used as a template to introduce two stop codons 
at the positions 161 and 162 of SpoVID by site-directed mutagenesis, 
creating, when expressed, a truncated version of His-SpoVID comprising only 
the first 160 amino acid residues (His-SpoVIDN160). The resulting plasmid 
was pFN97. By the same technique, the single alanine substitutions C16A or 
C90A were inserted in both His-SpoVID and His-SpoVIDN160 constructs, using 
pTC37 and pFN97 as templates. This generates plasmids pFN30 (his-
spoVIDC16A), pFN31 (his-spoVIDC90A), pFN98 (his-spoVIDN160, C16A) and pFN99 
(his-spoVIDN160, C90A). Finally, C90A was also introduced in pFN30 and pFN98, 
resulting in plasmids pFN32 (his-spoVIDC16A,C90A) and pFN100 (his-spoVIDN160, 
C16A,C90A). The eight vectors created were then transformed into the recipient 
strains E. coli BL21(DE3) or BL21(DE3)/pLysS, for proteins expression. 
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Fluorescence microscopy and MCD cap quantification  
Fluorescence microscopy was performed as previously described 
(Kim et al., 2006; McKenney and Eichenberger, 2012). All measurements 
were calculated using ImageJ. Background fluorescence was quantified by 
averaging the fluorescence intensity of 10 random cell-free regions of equal 
area by using the “measure” function. An ROI (region of interest) threshold 
(“threshold” function) was chosen empirically so that maximum separation 
of MCP and mother cell distal (MCD) caps in wild type cells expressing a 
CotE-GFP at hour 3 was observed. ROIs were drawn using the “analyze 
particles” function. Cells were then examined and scored individually as 
single cap (a sporangium that contains only a single ROI of the MCP cap) or 2 
caps (a sporangium that contains an MCP and MCD cap). Sporangia 
containing 2 caps were subdivided into “unconnected” (2 separated ROIs of 
the MCP and MCD cap) and “connected” (a single continuous ROI that 
contains a protrusion of above-threshold pixels toward the MCD pole). The 
area of the MCD caps in pixels was recorded for each sporangium containing 
unconnected CotE-GFP caps.  
 
Yeast two-hybrid assays 
We followed the procedure described by Boxem et al. (Boxem et al., 
2008). Specifically, fusions of the N-terminal domain of SpoVID (residues 1 to 
144) to the Gal4p DNA-binding domain (BD) and of a truncated version of 
CotE (residues 1 – 158) to the activation domain (AD) were created using the 
Gateway cloning system (Invitrogen). Genomic DNA from B. subtilis was PCR 
amplified with specific primers for cotE or spoVID and attB overhangs (CotE 
F1/R1 and SpoVID F1/R1 primers, respectively). PCR products were cloned 
into the pDONR221 entry vector with the BP Clonase II enzyme kit 
(Invitrogen) and subcloned into the pDEST-AD and pDEST-BD vectors 
(Walhout et al., 2000b) using the LR Clonase II enzyme mix (Invitrogen). 
pDEST-AD and -BD vectors generated from the Gateway system were 
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checked for proper insertion by PCR and transformed into haploid strains 
Y8930 and Y8800 (gifts from Mike Boxem, Harvard Medical School), 
respectively, by using the lithium acetate transformation protocol (Walhout 
and Vidal, 2001). The genotypes of the Saccharomyces cerevisiae strains used 
in this study are listed in Table 2.1.  
Self-activator constructs were discarded after plating all haploid 
yeast on medium lacking histidine. Strains to be tested for interaction were 
plated on yeast extract-peptone-dextrose (YEPD) and grown for 3 days at 
30°C. Equal amounts of transformed haploid Y8800 and Y8930 strains 
(James et al., 1996) were then mixed and plated on YEPD for 20 h at 30°C to 
encourage mating. Diploid yeast cells were selected on SC medium lacking 
leucine and tryptophan. After 3 days of growth at 30°C, diploid cells were 
diluted  1:1 000 and plated on SC medium lacking leucine and tryptophan (to 
maintain selection for both AD and BD vectors) and with histidine in the 
presence or absence of 5 mM 3-amino-1,2-4-triazole (3AT; Sigma). Growth 
was assayed after 3 days of incubation at 30°C. As a positive control, we 
included on every plate a yeast strain expressing Jun-AD and Fos-BD 
fragments (Walhout et al., 2000a). As a negative control, we mated the MATα 
strain containing an empty pDEST-AD vector to a MATa strain containing an 
empty pDEST-BD vector. The vectors still express Gal4AD and Gal4BD 
fragments, but the fragments themselves are unable to interact and induce 
HIS3 expression. 
 
His-tag pulldown assays 
Twenty-milliliter cultures of E. coli BL21(DE3) cells harboring the 
various variants of pET21b-spoVID-his or pET21b-cotE-STOP were grown to 
mid-exponential phase. Protein expression was induced with 1 mM isopropyl 
β-D-1-thiogalactopyranoside (IPTG) for 3 hours, at 30°C. Cells were then 
harvested by spinning (4°C, 10 min at 5 500 × g), the pellets were 
resuspended in 10 mL cold lysis buffer (50 mM Na2HPO4, 300 mM NaCl, 10 
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mM imidazole; pH 8.0), and sonication was performed under optimal 
conditions for cell breakage (amplitude of 50 for 30 s, repeated 4 times; 
model CL5; QSonica, Misonix). The presence of protein was confirmed by 
Bradford assay (Bio-Rad). Protein lysates were harvested by centrifugation 
(4°C, 30 min at 18 000 × g) and the soluble fractions were mixed with 500 µL 
of Ni2+ resin (Qiagen) equilibrated in lysis buffer in a 50-mL conical tube (10 
mL for the SpoVID lysate, 5 mL for the CotE lysate). The mixtures were 
incubated on a rotary shaker for 1 h at room temperature to facilitate 
binding. An a negative control, the CotE bead mixture was then applied to the 
column. For SpoVID-His samples (either wild type or mutated versions), the 
remainder of the CotE lysate (5 mL) was mixed in and incubated on a rotary 
shaker for an additional hour at room temperature. The protein-bead 
mixtures were poured into a column (Bio-Rad), allowed to flow through, and 
washed stringently with various wash buffers (40 mL of 50 mM Na2HPO4, 
300 mM NaCl, 40 mM imidazole [pH 8.0]; 30 mL of 50 mM Na2HPO4, 300 mM 
NaCl, 100 mM imidazole [pH 8.0]; 6 mL of 50 mM Na2HPO4, 300 mM NaCl, 
250 mM imidazole [pH 8.0]). The proteins were eluted in two stages in 
pulldown buffer with 500 mM  and 1 M imidazole. Samples from each step of 
the pulldown assay were taken and prepared for SDS-PAGE 12% tris-glycine. 
Proteins samples were resolved and transferred to nitrocellulose 
membranes, which were them immunobloted with anti-CotE antibodies. 
  
GST pulldown assays 
For the overproduction of native glutathione S-transferase (GST) and 
GST-SafA162, the derivatives of E. coli CC118(DE3)/pLysS (Costa et al., 2006) 
were used. Cultures of 10 mL (for GST) or 100 mL (for GST-SafA162) were 
grown to an optical density at 600 nm of 0.6 and protein expression was 
induced with 1 mM IPTG for 3 hours. SpoVID-His, either wild type or with the 
substitution L131A, were produced as described previously. Cells were 
harvested by centrifugation (4°C, 10 min at 7 500 × g), resuspended in 1 mL 
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cold VPEX-100 buffer (100 mM NaCl, 10 mM Tris-HCl [pH 8.0], 1 mM EDTA 
[pH 8.0], 0.1% Triton X-100, 10% glycerol) (Ozin et al., 2001b) supplemented 
with 1 mM phenylmethylsulfonyl fluoride (PMSF) and Complete Mini EDTA-
free protease inhibitor cocktail (Roche), and lysed in a French pressure cell 
(18 000 lb/in2). The lysates were cleared by centrifugation (at 10 000 × g for 
20 min, 4°C) and diluted in VPEX-100 to adjust concentrations (1:2 for GST-
SafA162, 1:4 for SpoVID-His variants, and 1:10 for GST). GST pulldown assays 
were performed as previously described (Ozin et al., 2001b), excepting that 
the final washes were repeated six times in 0.5 mL of phosphate-buffered 
saline (PBS) containing 0.1% Tween 20 and 10% glycerol. Bead fractions 
were prepared and resolved in SDS-PAGE 12.5%. Gels were transferred to 




The His-SpoVID and His-SpoVIDN160 variants were overproduced 
using E. coli BL21(DE3) derivative strains. Cultures were induced with 1 mM 
IPTG for 3h, after which cells were harvested by centrifugation (4°C, 10 min 
at 7 500 × g), resuspended in 3 mL of VID buffer (20 mM Tris-HCl [pH 7.5], 
150 mM NaCl, 20 mM imidazole, 20% glycerol) supplemented with 1 mM 
PMSF and Complete Mini EDTA-free protease inhibitor cocktail (Roche), and 
lysed in a French pressure cell (18 000 lb/in2). The lysates were cleared by 
centrifugation (at 4°C, 10 000 × g for 20 min) and applied to a 1 mL column 
filled with Ni-nitriolotriacetic acid (NTA) agarose (Qiagen), previously 
equilibrated with VID buffer. Column were washed with 10 mL of VID buffer 
with 1M NaCl, followed by VID buffer with increasing concentrations of 
imidazole (40 mM, 60 mM, 100 mM). After washings, recombinant proteins 
were eluted in VID buffer with 200 mM imidazole, quantified by Bradford 
assay (Biorad), and resolved by SDS-PAGE to confirm purity.  
For oligomerization assays, 2 µg of each recombinant protein were 
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diluted in VID buffer for a final volume of 30 µL, with or without 100 mM 
DTT. SDS-PAGE loading buffer without β-mercaptoethanol was added and 
samples were boiled for 5 min and resolved by SDS-PAGE. The acrylamide 
gels were stained with Coomassie R-blue, or transferred to nitrocellulose 
membranes for Western blot with anti-SpoVID antibodies. 
 
SpoVID limited trypsinolysis 
A derivative strain of the E. coli BL21(DE3)/pLysS was used for His-S-
SpoVID overproduction. Protein expression and purification was performed 
as previously described for His-SpoVID variants, using a 1 mL HiTrap 
Chelating HP column (GE Healthcare). For controlled trypsinolysis, 250 µg of 
purified His-S-SpoVID were digested with trypsin (1:1 000) for 24h, at 37°C. 
The reaction was performed in a final volume of 200 µL, in the presence and 
in the absence of 100 mM DTT. Along the time, 20 µL samples were taken 
and prepared for SDS-PAGE 10%. Proteins within samples were resolved, 
and proteolysis-resistant bands were extracted from the gel for identification 
by MALDI-TOF/TOF MS/MS (Mass Spectrometry Laboratory, Analytical 
Services Unit, ITQB–AX, Universidade Nova de Lisboa).  Each band was 
submitted to in-gel tryptic digestion and the resulting peptides were 
extracted, desalted, concentrated and applied into the MALDI plate. Mass 
spectra of peptides were acquired in a 4800plus MALDI TOF/TOF analyzer, 
with exclusion list for trypsin autolysis peaks. The collected MS and MS/MS 
spectra were analyzed using the Mascot search engine with 50 ppm peptide 
mass tolerance and no taxonomy restrictions. Only peptides with a 
confidence interval above 95% were considered.  
An SDS-PAGE gel with the resolved samples of digested His-S-SpoVID 
was also transferred to a PVDF membrane. Proteolysis-resistant bands were 
extracted and analyzed by Edman degradation N-terminal sequencing (PO 
101LA; Analytical Services Unit, ITQB–AX, Universidade Nova de Lisboa).  
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Western blot analysis 
Transferred proteins to nitrocellulose membranes were detected 
using rabbit anti-CotE (a gift from Adam Driks, Loyola University, Chicago, 
IL) or anti-SpoVID (Costa et al., 2006) polyclonal antibodies  at a 1:1 000 
dilution, followed by secondary anti-rabbit antibodies conjugated to 
horseradish peroxidase (1:10 000, Zymed or 1:1 000, Sigma). Secondary 






Specific residues in the N-terminal domain of SpoVID are essential for 
spore encasement 
In order to further investigate our previous finding that a region of 
the N-terminal domain of SpoVID (between amino acids 125 and 136) is 
necessary for directing spore encasement by CotE (Wang et al., 2009), we 
focused on individual residues in this region to determine if they were 
involved in this process. Based on sequence comparison to other spore-
forming species (Wang et al., 2009), highly conserved residues L125, I127, 
D130, L131, and I133 were selected as possible candidates. We performed 
site-directed mutagenesis on these residues, creating alanine substitution 
mutants for each, and investigated the consequences on encasement by 
fluorescence microscopy. Each spoVID construct was fused at the 3’ end to 
the coding sequence of CFP. The fusion constructs were introduced at the 
nonessential amyE locus into a strain in which the endogenous spoVID gene 
has been knocked out. The ability to encase was determined by analysis of 
the subcellular localization of CotE-YFP in cells that express cotE fused at the 
3’ end to the coding sequence of yellow fluorescent protein (YFP).  
In cells expressing wild-type spoVID fused to cfp during sporulation, 
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the localization of CotE-YFP, from hour 3 to 6 after resuspension in Sterlini-
Mandelstam medium, followed a previously reported pattern (Wang et al., 
2009; McKenney and Eichenberger, 2012). CotE-YFP localized first as a single 
dot, then as a cap on the MCP pole of the engulfing forespore, expanding into 
2 unconnected caps on both sides of the forespore and finally into a complete 
ring (a spherical shell in three dimensions) surrounding the entire forespore 
(Fig. 2.2 A). In cells expressing spoVID∆125–136-cfp, as previously reported by 
Wang et al., 2009, spore encasement was strongly impaired (Fig. 2.2 B). A 
majority of cells exhibiting CotE-YFP fluorescence showed a single cap of 
fluorescence on the MCP pole, even 6 h after resuspension. We found that the 
replacement of L131 by alanine is sufficient to cause a severe encasement 
block (Fig. 2.2 C), similar to that observed when the entire region between 
residues 125 and 136 is removed.  
To obtain a more quantitative measurement of the encasement defect 
and to compare the severity of the phenotypes, we measured for every 
mutant the number of cells with a single cap or two caps, and in the latter 
 
 
Figure 2.2 - Leucine 131 in the N-terminal domain of SpoVID is required for encasement 
by CotE. Cells harboring CotE-YFP and SpoVID-CFP variants were grown in sporulation 
media. Membranes were stained with FM 4-64 and cells were analyzed by fluorescence 
microscopy. A few cells are shown to represent the localization pattern of CotE-YFP fusion 
in strains carrying SpoVID-CFP A) wild type, B) with the deletion ∆125 - 136 or C) with the 
substitution L131A. First column: CotE-YFP signal; second column: fluorescence of stained 
membranes; third column: the overlay of YFP (yellow) and membranes (red) fluorescence 
signals. Scale bar: 1µm. 
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case distinguishing between connected and unconnected caps (Table 2.2). At 
hour 3 after resuspension, the strain expressing wild-type spoVID-cfp had 
CotE-YFP localized as two unconnected caps in 96% of cells exhibiting YFP 
fluorescence. In our negative control, containing spoVID∆125–136-cfp, CotE-YFP 
was localized only as a single cap in 84% of cells exhibiting YFP fluorescence. 
In two of our point mutants, spoVIDD130A-cfp and spoVIDI133A-cfp, CotE-YFP 
localization was unaffected, suggesting that the side chains of residues 130 
and 133 are not critical for encasement. Two other point mutants, however, 
spoVIDL125A-cfp and spoVIDI127A-cfp, shared the same phenotype as spoVID∆125–
136-cfp and spoVIDL131A-cfp, while CotE-YFP was unable to expand beyond a 
single cap, indicating that at least three conserved residues (L125, I127, and 
L131) are required for the encasement function of SpoVID.  
 
 
Table 2.2: Quantification of encasement by CotE-YFP in various 




Sporangia with 2 caps 
Mean (±SEM) MCD 
cap area (pixels) n
a
 






spoVID-cfp 0 100 96 4 36  20 140 
spoVID125-136-cfp 84 16 16 0 13  7 286 
spoVIDL125A-cfp 95 5 5 0 8  5 175 
spoVIDI127A-cfp 87 13 13 0 14  10 302 
spoVIDD130A-cfp 0 100 99 1 51  36 110 
spoVIDL131A-cfp 94 6 6 0 19  12 281 
spoVID1133A-cfp 1 99 94 5 38  22 139 
a 
The number of postengulfment sporangia with YFP fluorescence; SEM: standard error of the mean 
 
We noted that even in the case of the spoVID∆125–136-cfp mutant, a 
second dot or a cap on the MCD pole was observed in some cells (16% of 
cells exhibiting YFP fluorescence). We quantified the extent to which this 
phenotype was observed in all strains and measured the area of the MCD cap 
of fluorescence (in pixels; Table 2.2). First, we observed that, similar to the 
spoVID∆125–136-cfp expressing strain, the three point mutants in which CotE-
YFP did not encase the spore exhibited an MCD cap in only a small 
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percentage of cells (L125A, 5%; I127A, 13%; L131A, 6%). Second, that this 
second cap had a comparable size to that observed for the spoVID∆125–136-cfp 
mutant (∆125–136, 13±7 pixels [mean ± standard error of the mean]; L125A, 
8±5 pixels; I127A, 14±10 pixels; L131A, 19±12 pixels). This is significantly 
smaller than the area measured for the wild type and the unaffected mutants 
(wild type, 36±20 pixels; D130A, 51±36 pixels; I133A, 38±22 pixels). In total, 
we conclude that the L125A, I127A, and L131A point mutations inhibit the 
ability of SpoVID to direct encasement by CotE.  
We decided to further investigate the phenotype of the spoVID∆125-136-
cfp mutant by determining if it had an effect on the localization of additional 
coat proteins. We used YFP and GFP fusions to SpoIVA, the morphogenetic 
protein responsible for anchoring the coat to the spore surface (Piggot and 
Coote, 1976; Roels et al., 1992; Wang et al., 2009), YaaH, a SafA-dependent 
protein (McKenney et al., 2010), CotO, a CotE-dependent protein 
(Eichenberger et al., 2003), and CotZ, a protein required for the assembly of 
the newly identified spore crust (McKenney et al., 2010; Imamura et al., 
2011). We assayed the localization of each fusion in the presence of 
SpoVID∆125-136-CFP, at hour 3 after resuspension for the early-localizing 
fusions (McKenney and Eichenberger, 2012) and at hour 6 for the late 
localizing protein, CotZ-GFP (Fig. 2.3). We found that all fusion proteins were 
arrested at the single-cap stage in the spoVID∆125-136-cfp deletion mutant.  
These data indicates that residues between L125 and L136 are essential for 
the function of SpoVID in directing spore encasement by all four layers of the 
coat. Thus, we name this region as region E, that codes for “encasement”. 
These data, however, do not imply that a direct interaction between SpoVID 
and CotE is a prerequisite for encasement by coat proteins that are not CotE 
dependent, such as SpoIVA or YaaH. It is more likely that SpoIVA interacts 
directly with the N terminus of SpoVID (in addition to the already-
established interaction between SpoIVA and the C terminus of SpoVID) and 
that YaaH is dependent on SpoVID via its interaction with SafA. 





Figure 2.3 – Residues 125-136 are required for encasement by proteins of all four layers 
of the coat. The images show the subcellular localization of representative coat proteins 
fused to fluorescent proteins (SpoIVA-YFP, YaaH-GFP, CotO-YFP and CotZ-GFP) in 
spoVID∆125-136-cfp mutant strains. Cells were grown in sporulation media, stained with FM 
4-64 and analysed by fluorescence microscopy. First column: GFP or YFP fluorescence; 
second column: fluorescence of membranes; third column: overlay of coat protein fusion 
(yellow) and membranes (red) fluorescence. Scale bar: 1µm. 
 
 
SpoVID interacts with CotE in yeast two-hybrid assays 
It had been previously observed that SpoVID interacts directly with 
SpoIVA (Mullerova et al., 2009; Wang et al., 2009), the morphogenetic 
protein required for recruiting all the spore coat proteins to the forespore 
surface, and SafA, the morphogenetic protein of the inner coat (Ozin et al., 
2000; Ozin et al., 2001b; Costa et al., 2006). In order to more fully understand 
the molecular mechanism of SpoVID-mediated encasement, we wanted to 
know whether SpoVID interacts directly with any other coat proteins, 
specifically, with other morphogenetic proteins. We focused our attention on 
CotE, the morphogenetic protein responsible for recruiting of the outer coat 
proteins. To determine whether there might be a direct interaction between 
SpoVID and CotE, we used a yeast Gal4-based two-hybrid assay as an initial 
test. We fused the N-terminal domain of SpoVID to Gal4BD and the C-
terminally truncated CotE to Gal4AD. A protein-protein interaction between 
these fusion proteins will reconstitute a functional transcription factor that 
will drive the expression of the HIS3 gene, required for survival on medium 
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lacking histidine. As shown in Fig. 2.4, we detected a positive interaction 
between SpoVID∆145-575-BD and CotE∆160-181-AD that persisted in the presence 
of 3-AT, a competitive inhibitor of the HIS3 enzyme (Hilton et al., 1965). 
Growth on 3-AT suggests that the interaction between SpoVID and CotE is 
robust (Crump et al., 1998). For reasons unknown, no interaction was 
detected when the protein fragments were fused to reciprocal Gal4 
fragments. Nevertheless, as expected, the combination of either protein 




Figure 2.4 - CotE interaction with the N-terminal domain of SpoVID in yeast two-hybrid 
assays. S. cerevisiae strains producing SpoVID∆145-575-BD (first three rows) or the unfused 
Gal4BD (fourth row) and either CotE∆160-181-AD (first two columns) or unfused Gal4AD 
(third and fourth columns) were plated on selection plates (-his) with or without 3-AT. The 
first, second, and third rows contain strains expressing the SpoVID∆145-575-BD fragment in 
its wild-type, L131A, and I133A mutated forms, respectively. A positive control strain, 
containing AD and BD fusions to the known binding partners, Fos and Jun, respectively, 
was able to grow on selection medium (right panels). 
 
 
Next, we wanted to determine whether SpoVID residues critical for 
encasement were also required for interaction with CotE. We constructed a 
SpoVID∆145-575-BD fusion with the substitution L131A and tested it for its 
ability to activate HIS3 expression when mated with a strain producing 
CotE∆160-181-AD (Fig. 2.4). No growth was observed on selection plates, 
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indicating that the L131 residue was necessary for the interaction with CotE. 
We were unable to test interactions with the other two point mutants that 
were defective in encasement (L125A and L127A), because the constructs 
could drive HIS3 reporter gene expression on their own (data not shown). As 
a negative control, we used a strain containing the I133A substitution, which 
had exhibited no encasement phenotype in our microscopy experiments. As 
expected, the I133A mutant was still able to interact with CotE∆160-181-AD, 
even in the presence of the 3-AT inhibitor. Taken as a whole, the yeast two-
hybrid experiments suggested that the morphogenetic proteins SpoVID and 
CotE interact directly and that residue L131 of SpoVID is essential for this 
interaction.  
 
SpoVID and CotE physically interact in vitro 
To support the data from our yeast two-hybrid experiments, we 
decided to test this interaction biochemically with an in vitro His-tag 
pulldown assay. The assay was designed such that a C-terminally His-tagged 
version of SpoVID (spoVID-his) and an untagged copy of CotE (cotE-STOP) 
were overexpressed in separate E. coli strains. The SpoVID-His lysate was 
mixed with Ni-NTA beads and incubated for an hour. After incubation, CotE 
lysate was added to the mixture and incubated for an additional hour. The 
protein-bead mixture was then applied to a column and allowed to flow 
through it. For the negative control, CotE (from the same CotE lysate as 
above, split in half by volume) was incubated with Ni-NTA beads for an hour 
prior to application to the column. Three wash steps were performed with 
increasing imidazole concentrations. Elution was performed with two 
concentrations of imidazole, and samples from each step of the pulldown 
process were resolved by SDS-PAGE and analyzed by Western blot using 
anti-CotE antibodies (Fig. 2.5 A). As shown in Fig. 2.5 A, untagged CotE was 
pulled down only when SpoVID-His was present (first row), and on its own, it 
was unable to bind to the Ni-NTA beads (second row). These results 
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demonstrate that the morphogenetic proteins SpoVID and CotE physically 
interact in vitro, the first such demonstration of this interaction. This 





Figure 2.5 – Specific residues within region E of SpoVID are required for interaction with 
CotE in vitro. A) His-tag pulldown assay demonstrating that SpoVID-His physically 
interacts with CotE in vitro. Cell lysates containing untagged CotE were incubated with a 
mixture of Ni-NTA beads and E. coli lysates harboring SpoVID-His (top panel), or only with 
the beads (bottom panel). The mixtures were applied to a gravity column and allowed to 
flow through (FT). After washing (W1, W2 and W3), elution fractions were collected (E1, 
E2, and E3) and tested for retention of CotE. B) His-tag pulldown assays were performed 
as described, but using E. coli lysates containing SpoVID-His variants ∆125–136 (row 1), 
L125A (row 2), I127A (row 3), L131A (row 4), or I133A (row 5). Arrows point to CotE signal.  
 
 
Specific residues in region E of SpoVID are required for binding to CotE 
To complement our fluorescence microscopy and yeast two-hybrid 
data sets with biochemical evidence, we used the His-tag pulldown assay to 
identify residues within region E of SpoVID that might be involved in a direct 
interaction with CotE. The deletion allele missing region E, spoVID∆125–136-his, 
was generated and transformed in the E. coli expression system. We found 
that SpoVID∆125–136-His was not able to pull down CotE (Fig. 2.5 B, row 1). In 
order to further characterize the CotE-binding region, we generated the same 
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series of alanine substitution mutants in SpoVID-His used in our fluorescence 
microscopy experiments, and we assayed each construct for the ability to 
pull down CotE. As expected, I133A, the mutant that did not affect CotE-YFP 
localization and remained able to interact with CotE in the yeast two-hybrid 
assay, was able to pull down CotE. Surprisingly, we found that the L125A 
mutant, even though it was unable to localize CotE-YFP properly in 
fluorescence microscopy experiments, was still able to bind CotE. We did, 
however, find that both the I127A and L131A mutants did not efficiently pull 
down CotE in our assay. These results indicate that there are at least two 
specific residues in SpoVID (I127A and L131A) that are important both for 
binding to CotE and to promote spore encasement by CotE-YFP. Importantly, 
residue L131 has now been implicated in these activities by three distinct 
assays (epifluorescence microscopy, yeast two-hybrid experiment, and His-
tag pulldown assays). 
 
Residue L131 of SpoVID is dispensable for binding to SafA 
Considering that the N-terminal domain of SpoVID was previously 
reported to interact directly with SafA (Costa et al., 2006), we wondered if 
the same residue(s) required for interaction with CotE also played a role in 
the interaction with SafA. To test this, we performed GST-pulldown assays 
using a fusion of GST with the first 162 residues of SafA (GST-SafA162), 
sufficient for interaction with SpoVID (Costa et al., 2006), as a bait, and 
SpoVID-His (either wild type or with the substitution L131A) as prey. 
SpoVID-His variants were incubated with mixtures of glutathione beads and 
E. coli lysates harboring GST-SafA162 or only GST, as a negative control for the 
retention of SpoVID-His. After several washings, fractions bond to the beads 
were resolved by SDS-PAGE and immunobloted for detection of SpoVID (Fig. 
2.6). As expected, we were able to pull down the wild-type SpoVID-His 
construct with our GST-SafA162. Moreover, we observed that the efficiency of 
the pulldown was not affected by the L131A substitution. Therefore, it 
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appears that the interaction with SafA relies on a different amino acid side 




Figure 2.6 - Residue L131 is dispensable for direct interaction with SafA. A) A fusion of the 
first 162 residues of SafA to GST (GST-SafA162) was bound to glutathione-Sepharose 
beads and incubated with extracts of E. coli producing wild type SpoVID-His or a version of 
SpoVID-His carrying the L131A substitution (left panel, first two columns). Immobilized 
GST and beads alone were also incubated with the two forms of SpoVID-His as negative 
controls (left panel, columns 3-6). Pulled down proteins were eluted, resolved by SDS-
PAGE and immunobloted with anti-SpoVID antibodies. The amounts of SpoVID-His or 
SpoVIDL131A-His present in the extracts are shown in the right panel. Arrows indicate 
SpoVID signal. B) The nitrocellulose membrane used for immunoblotting was stained with 
Ponceau Red as a control for the amount of GST-SafA or GST bound to the glutathione 
beads. Arrows indicate stained GST-SafA162 or GST. 
 
Probing the function of cysteine residues within the N-terminal domain 
of SpoVID  
Our data indicates that the N-terminal domain of SpoVID mediates 
spore encasement by establishing direct interactions with SafA and CotE, the 
morphogenetic proteins for the assembly of the inner and the outer 
coat/crust. As encasement may be facilitated by SpoVID multimerization 
around the spore surface, we further investigated the role of the cysteine 
residues within the N-terminal domain of SpoVID (C16 and C90). First, we 
fused a His-tag to the N-terminus of the full-length SpoVID (His-SpoVID) or to 
its isolated N-terminal domain (residues 1-160, His-SpoVIDN160), either wild 
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type or with single or double alanine substitutions in C16 and C90. 
Recombinant proteins were purified, incubated in the presence or absence of 
the reducing agent DTT, and resolved by SDS-PAGE. 
As shown in Fig. 2.7 (top panel), the various forms of His-SpoVIDN160 
migrate as a predominant species with approximately 22 kDa. This form 
corresponds to the monomer, as it is the only band detected under reducing 
conditions and in the variant missing both cysteines. The wild type His-
SpoVIDN160 exhibits other DTT-sensitive forms above 45 kDa that are not 
visualized if cysteine residues were replaced by alanines. This suggests that 
the isolated N-terminal domain of SpoVID oligomerizes and that disulfide 
bonds may promote formation of these oligomers or otherwise their 
stability. A species migrating at approximately 20 kDa may be a monomeric 
form containing an intra-molecular disulfide bond (C16 to C90). When one of 
the cysteines is substituted by an alanine, only the monomer and one higher    
molecular weight, DTT-sensitive form were detected for each of the variants. 
These higher molecular weight forms exhibit different migration rates for 




Figure 2.7 – Cysteine 
residues within the N-terminal 
domain of SpoVID are 
involved in domain oligomer-
ization and stabilization of the 
SpoVID oligomeric complexes 
in vitro. His-tag fusions of the 
full-length protein and of a 
truncated version comprising 
its first 160 residues, either 
wild type or with single or 
double alanine substitutions of 
C16 and C90, were purified, 
incubated in the presence or 
absence of DTT, and resolved 
by SDS-PAGE. Monomeric 
and oligomeric forms of His-
SpoVIDN160 (top panel) and 
His-SpoVID full-length (bottom 
panel), are indicated. 
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by two different types of disulfide bonds: C90 to C90, or C16 to C16. Thus, 
cysteine residues of the N-terminal domain of SpoVID are able to establish 
disulfide bonds of three types: C16 to C16, C90 to C90 and C16 to C90. This 
non-specific pattern of bond formation suggests that the N-terminal domain, 
at least when isolated from the remaining of the SpoVID protein, has a 
flexible structure. 
For the full-length His-SpoVID variants, we observed a predominant 
DTT-resistant form with approximately 100 kDa that might correspond to a 
monomer (Fig. 2.7, bottom panel). Several DTT-resistant forms are also 
detected with faster migration, which we assume are SpoVID degradation 
products. Forms with apparent molecular weight higher than that of the 
presumed monomer are seen exclusively under non-reducing conditions, 
consistent with the idea that His-SpoVID oligomers contain disulfide bonds. 
Some of these oligomeric forms are still detected when one or both cysteines 
of the N-terminal domain are substituted by alanines, and therefore cysteine 
residues in other parts of the full-length SpoVID protein are involved in 
disulfide bond formation. However, as the pattern of oligomeric bands 
exhibited by the wild type His-SpoVID does not totally match those seen for 
the mutant forms, it is possible that C16 and C90 have a role in stabilization 
of SpoVID oligomers in vitro.  
Single alanine substitutions of the SpoVID cysteine residues (C16, 
C90, C355, C525 and C537) did not affect encasement by SpoVID itself or by 
the SpoVID-dependent proteins SafA and CotE (as monitored by using 
fluorescent protein fusions; data not shown). 
 
The N-terminal domain of SpoVID is structured  
The oligomerization assays with the His-tagged N-terminal region of 
SpoVID suggested that this may be a flexible, unstructured region. This can 
be an advantage for proteins that bind different targets, as is possibly the 
case of SpoVID, since it allows them to acquire several inter-converting 
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conformations (Wright and Dyson, 1999; Xue et al., 2010). Therefore, we 
aimed at determining whether the N-terminal domain of SpoVID is 
intrinsically disordered. We started by analyzing the amino acid sequence of 
SpoVID using the meta-predictor of intrinsically disordered regions PONDR-
FIT (www.disprot. org/pondr-fit). This algorithm generates scores from 0 to 
1 for all protein regions and represents them in a chart. Values above 0.5 
indicate that the region is predicted to be intrinsically disordered (Xue et al., 
2010). According to PONDR-FIT, the N- and C-terminal regions of SpoVID are 
structured, while the middle region, approximately between residues 140 – 
500, is intrinsically disordered (Fig. 2.8 A). This is in agreement with 
previous structure predictions for SpoVID, which suggested that its N-
terminal domain has a similar conformation as the phage-capsid protein PP7, 
and the C-terminal region folds into a LysM motif (Costa et al., 2006; Wang et 
al., 2009). As shown in Fig. 2.8 A, the region E of SpoVID, between residues 
125 and 136, locates closer to an order/disorder boundary. Since the 
 
 
Figure 2.8 – The N-terminal domain of SpoVID (N) is structured A) Chart representing the 
PONDR-FIT score for SpoVID. A score above 0.5 indicates that the region is predicted to 
be disordered. A diagram of SpoVID is represented above the chart, showing that the 
regions predicted to be structured by PONDR-FIT match with the previous model. The dark 
blue lines in the chart axis represent trypsin cleavage sites along the SpoVID sequence. B) 
His-S-SpoVID controlled trypsinolysis. The purified recombinant protein was digested with 
trypsin for 24h. Samples were taken along the time and resolved by SDS-PAGE. The 
arrow indicates the 30 kDa proteolysis-resistant band that was identified as the N-terminal 
domain of SpoVID by MALDI-TOF/TOF MS/MS and N-terminal sequencing. 
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accuracy of the predictor decreases in these type of regions (Xue et al., 2010), 
we cannot infer if region E is likely to be structured or not. 
In an attempt to validate the structural predictions, we submitted 
SpoVID fused to a His-tag and a S-tag at the N terminus to limited proteolysis 
with trypsin. As proteases typically do not cut within structured regions, but 
mostly in interdomain linkers and disordered regions, identification of the 
proteolysis-resistant fragments helps determining the domain organization 
of proteins (Blatter et al., 1994; Fontana et al., 2004). We chose trypsin, as 
this enzyme has a higher frequency of potential cleavage sites in SpoVID (see 
Fig. 2.8 A, where the trypsin cleavage sites are represented in the chart axis 
by dark blue lines). Purified His-S-SpoVID was digested for 24h, and samples 
were taken along the time and resolved by SDS-PAGE (Fig. 2.8 B). Three 
hours after adding trypsin, we observed a strong digestion-resistant band 
with approximately 30 kDa that persisted even after 24 hours. At that time, 
we also detected three other protease-resistant bands with approximately 15 
kDa, 12 kDa and 5 kDa.  
Except for the 12 kDa band, whose level was not sufficient for 
analysis, these bands were extracted and subject to tandem mass 
spectrometry and N-terminal sequencing. Both techniques indicated that the 
30 kDa band corresponds to the N-terminal domain of SpoVID. Through N-
terminal sequencing, we identified the residues QHMDSP for this band, 
corresponding to part of the S-tag sequence fused to the N terminus of 
SpoVID. Tandem mass spectrometry identified fragments between residues 
L7 and R123 (Table 2.3), covering 72% of the N-terminal domain. Therefore, 
controlled proteolysis supported the PONDR-FIT predictions that the SpoVID 
N-terminal domain is folded. Since oligomerization assays indicated that this 
domain may be unstructured, we infer that it exhibits a different behavior 
when isolated from the context of the full-length protein, and that it 
presumably requires other SpoVID regions to acquire its fold.  
The results were not so clear for the bands with 15 and 5 kDa. N-
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terminal sequencing was not conclusive, and tandem mass spectrometry 
identified regions from different SpoVID domains in both bands (Table 2.3), 
showing that they are composed of a mixture of fragments. These data 
indicates that there are proteolysis-resistant regions along all the SpoVID 
sequence. Interestingly, region E was identified in fragments that compose 
the 15 kDa band (Table 2.3, in bold), and not in those of the band that 
corresponds to the N-terminal domain (30 kDa). Trypsin was able to cut at 
position R123, showing that this residue, immediately adjacent to region E, is 
exposed to digestion and may not be included in the structured N-terminal 
domain of SpoVID. However, the next cleavage site in the sequence (K143), 
was not cut by trypsin. Further studies are necessary to clarify the structural 
features of region E.    
 
 
Table 2.3: Regions of SpoVID identified by MS/MS in bands  
resulting from trypsinolysis 
Digestion 
band 









KREDGSAELTHCFPVDITIPK K79-K99 N 
VSHLQDVFVFIDAFDYQLTDSR V102-R123 N 
15 kDa 
GQEVSELLSISLDPDIR G20-R36 N 
ILTIQADLAIEGLLDDTQDKEPEIPLYEAPAAFR* I124-R157 N and M 
EKEETTVSPNHEYALR E321-R336 M 
ETASAVYMENDNADLHFHFNQK E380-K401 M 
5 kDa 
VSHLQDVFVFIDAFDYQLTDSR V102-R123 N 
TFLPEQEEEDSFYSAPKLLEEEEQEEESFEIEVR T419-R452 M 
YEITSQQLIR Y540-R549 LysM 
AGQILYIPQYK A561-K571 LysM 
* Residues in bold correspond to region E 
 
Finally, we tested whether the cysteine residues of the N-terminal 
domain of SpoVID could affect the pattern of controlled proteolysis. We 
perform similar controlled trypsinolysis experiments, but in the presence of 
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DTT, and we obtained the same patterns of proteolysis-resistant bands (data 
not shown). This suggests that putative intramolecular disulfide bonds, if 






Formation of the B. subtilis spore coat illustrates the challenges 
associated with the assembly of complex macromolecular structures at 
specific sub-cellular addresses, an issue that all cells face. We began this 
work with the goal of investigating the mechanism behind spore encasement 
by coat proteins, which requires SpoVM and SpoVID. Previously, it was found 
that the N-terminal domain of SpoVID was essential for encasement, while its 
C terminus was necessary for localization to the spore surface, most likely via 
interaction with SpoIVA (Mullerova et al., 2009; Wang et al., 2009). It was 
also reported that the N-terminal domain of SpoVID binds directly to SafA 
(Costa et al., 2006), the morphogenetic protein of the inner coat layer 
(Takamatsu et al., 1999; Ozin et al., 2000; McKenney et al., 2010). 
Additionally, evidence suggests that SpoVID oligomerizes in vitro, and that 
the oligomers contain disulfide bridges (Domingues, L., Isidro A. L. and 
Henriques, A. O., unpublished results; this work). Taken together, these data 
suggest a mechanism for encasement by the basement and inner coat layers 
mediated by interactions between SpoIVA or SafA with SpoVID and 
multimerization of the later. Information on the mechanism of encasement 
by the outer coat and crust was missing. 
By comparative sequence analysis of SpoVID orthologues, we 
identified a conserved stretch of amino acids (L125 to L136). We generated 
alanine substitution mutants for five highly conserved residues within this 
region (L125, I127, D130, L131, and I133) and found that three of them 
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(L125, I127, and L131) were essential for spore encasement by a fusion of 
CotE, the morphogenetic protein for the outer coat and the crust, to YFP. We 
were also able to show that the encasement phenotype associated with the 
absence of residues 125-136 was not exclusive to CotE-YFP, since 
encasement by YFP and GFP fusions to representative proteins of each layer 
of the spore coat was also impaired. Considering the role of this stretch of 
amino acid residues in encasement, we named it region E. 
We then focused our attention on the putative interaction between 
SpoVID and CotE, since it appeared to be a missing link in a general model of 
coat assembly. We used an existing yeast two-hybrid library (J. Jacobs, H. 
Eskandarian, P. Grabowski, and P. Eichenberger, unpublished results) to 
assess the potential for a direct interaction between the two proteins. For 
reasons unknown, we were unable to detect an interaction between full-
length SpoVID and CotE, a result consistent with prior efforts. However, we 
observed an interaction when we tested a C-terminally truncated mutant of 
CotE (CotE∆160-181) for binding with SpoVID∆145-575. It is not unusual in yeast 
two-hybrid assays that the sensitivity of the technique is improved when 
smaller fragments are used (Boxem et al., 2008). We also managed to detect 
this interaction using an in vitro system: SpoVID-His was able to pull down 
untagged CotE after application to a nickel column. This was the first time a 
physical connection was revealed between SpoVID and an outer coat protein. 
This result, combined with previous data showing that SpoVID can directly 
interact with SpoIVA (Mullerova et al., 2009; Wang et al., 2009) and SafA 
(Costa et al., 2006), strongly suggests that the molecular mechanism behind 
encasement is rooted in direct protein-protein interactions between 
morphogenetic proteins. 
We used our point mutants to further investigate the nature of the 
interaction between SpoVID and CotE. By both yeast two-hybrid and His-tag 
pulldown, we singled out L131 as an essential residue for the binding of CotE 
to SpoVID. I127 was also identified as essential for the interaction based in 
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His-tag pull down, but due to self-activation of the corresponding SpoVID∆145-
575,L127A-BD construct, we were unable to confirm this interaction in the yeast 
two-hybrid assay. Unexpectedly, the L125A mutant that was unable to 
localize CotE-YFP in our fluorescence microscopy assay was still able to bind 
CotE in the pulldown assay, suggesting that this mutant of SpoVID must be 
dysfunctional for a reason other than abrogated binding to CotE. Taken 
together, our results tie the mechanism of spore encasement by the outer 
coat layer directly to the ability of SpoVID to bind CotE through region E. 
Nevertheless, after the completion of this work, Qiao et al. showed by 
pulldown assays that the first 200 residues of SpoVID are dispensable for this 
interaction (Qiao et al., 2013). This result may reflect the sensitivity of the 
different techniques; in any event, it suggests the existence of a second 
surface in SpoVID that interacts with CotE (see Chapter 3).  
To better understand the mechanisms governing spore encasement, 
we studied to role of the two cysteine residues within the morphogenetic, N-
terminal domain of SpoVID in oligomerization. While these cysteine residues 
can form disulfide bonds at least in the context of the isolated domain, they 
do not seem to be required for oligomerization or for the function of the 
protein in vivo. It is possible that other cysteines within the middle region or 
the LysM domain might make more significant contributions to the function 
of SpoVID. Although single alanine substitutions of the cysteine residues did 
not impair encasement, we cannot exclude that more than one substitution is 
required to detect an effect on encasement. 
Our data suggests that the N-terminal region of SpoVID is structured, 
and that it presumably requires the context of the full-length protein to 
acquire its fold. Due to technical limitations, we were unable to determine if 
region E is structured or disordered. We know that the mechanism by which 
this region directs encasement by the outer coat implies binding to CotE. If 
this region also interacts directly with other morphogenetic proteins, SafA 
and SpoIVA being likely candidates (see Chapter 3), disorder may be an 
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advantage (Wright and Dyson, 1999; Xue et al., 2010). 
Protein-protein interactions, including homo-oligomer formation, e.g. 
by SpoVID, are responsible for encasement of all layers of the spore coat. We 
propose that SpoVID is anchored to the spore surface by the interaction 
between its C-terminal domain and SpoIVA (Fig. 2.9 A). Then, SpoVID 
multimerizes around the spore, encircling it. It is conceivable that, due to its 
ability to bind SpoIVA, SpoVID is polymerized along with SpoIVA, which is 
known to self-assemble into filamentous structures in the presence of ATP 
(Ramamurthi and Losick, 2008). However, SpoVM also plays a critical role 
during encasement and is located upstream of SpoVID in the genetic 
hierarchy controlling coat morphogenesis (Wang et al., 2009). Similarly, 
SpoIVA is dependent on spoVID for encasement (Wang et al., 2009); in 
particular, we showed here that encasement by SpoIVA also requires region 
E in SpoVID. Therefore, it appears likely that a second interaction has to be 
established between SpoIVA and SpoVID, this time involving the N terminus 
of SpoVID, which is required for encasement, in order to promote 
encasement by the basement layer of the coat, whose components are 
dependent on SpoIVA for localization. Biochemical evidence for this second 
interaction is currently lacking, as is a more detailed characterization of the 
mechanism by which SpoVM promotes encasement. SpoVM might enable this 
second interaction by triggering a conformational change, or it could 
promote the multimerization of SpoIVA and SpoVID. Perhaps simultaneously 
or otherwise shortly thereafter, the N-terminal region of SpoVID interacts 
with SafA (Costa et al., 2006) (Fig. 2.7 A and B), allowing encasement by SafA 
and the short form SafAC30 (Ozin et al., 2001a), and in turn, by several SafA-
dependent proteins of the inner coat (such as YaaH) during the first wave of 
encasement (McKenney and Eichenberger, 2012). The same domain of 
SpoVID would also bind directly to CotE (Fig. 2.7 B and C), facilitating 
encasement by the outer coat and crust in successive waves (but see also 
Chapter 3). 





Figure 2.9 - A model for spore encasement mediated by SpoVID. A) Proteins of the 
basement layer of the coat localize to the surface of the spore coat. SpoVM (black) binds 
to curved membranes (Ramamurthi et al., 2009) and interacts directly with SpoIVA (white 
triangles) (Ramamurthi et al., 2006). SpoIVA multimerizes (Ramamurthi and Losick, 2008) 
at the spore surface, restricts SpoVM to the forespore (Ramamurthi et al., 2006), and 
interacts with the C-terminal domain of SpoVID (light blue circles) (Mullerova et al., 2009; 
Wang et al., 2009) and with SafA (Mullerova et al., 2009; Qiao et al., 2012). SpoVID also 
oligomerizes (Mullerova et al., 2009), and its N-terminal region (pink triangles) interacts 
with the N-terminal domain of SafA (yellow triangles) (Costa et al., 2006; Mullerova et al., 
2009). Initial localization of CotE (blue ovals) is also dependent on SpoIVA (Webb et al., 
1995). B) Encasement is favored by the N-terminal domain of SpoVID and its interactions 
with SafA and CotE. The SafA full-length interacts with SafAC30 form (yellow ovals) (Ozin et 
al., 2001a). C) Completion of encasement, with multimerization of CotE (Little and Driks, 
2001; Costa et al., 2007) around the spore. IC: inner coat; OC: outer coat. 
 
 
Our data suggest that the interaction with SafA and CotE does not 
require the same residues on the N-terminal domain of SpoVID. We currently 
do not know if SafA and CotE can bind simultaneously to this domain. Future 
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experiments would be necessary to determine if SafA and CotE compete for 
binding to SpoVID and, if so, whether competition between the two proteins 
impacts the regulation of the encasement process (see Chapter 3). Also, the 
identification of the second region of interaction with CotE in SpoVID, 
suggested by the experiments of Qiao et al, 2013 (Qiao et al., 2013), might 
contribute for a better understanding of this mechanism. As previously noted 
(Wang et al., 2009), our model does not currently incorporate an explanation 
for the formation of a focus of CotE-YFP fluorescence on the mother cell 
distal side of the forespore. This is another part of the mechanism that will 
necessitate further investigation. 
In conclusion, we have shown that a specific region in the N-terminal 
domain of SpoVID is responsible for encasement of the spore by proteins that 
make up the different layers of the coat, from the basement layer to the spore 
crust. We have demonstrated, for the first time, a direct physical link 
between SpoVID and the outer coat, via a protein-protein interaction with 
CotE, the outer coat morphogenetic protein. At least in the case of CotE, the 
inability of the L131A mutant to direct encasement is related to its inability 
to bind to CotE. Moreover, the N-terminal domain of SpoVID, that directs 
encasement, is structured, and its cysteines may contribute to stabilize 
multimeric forms of SpoVID in vivo, under conditions not detected by our 
assays. Along with previous work, our results make a case for protein-
protein interactions between morphogenetic proteins being the paramount 
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During sporulation in Bacillus subtilis, a group of mother cell-specific 
morphogenetic proteins guides the assembly of four main layers of the spore 
coat: the basement layer, the inner and outer coat and the crust. Among those 
proteins, SafA and CotE behave as interaction hubs, governing assembly of 
the inner and the outer coat substructures. Targeting of SafA and CotE to the 
spore surface is followed by spore encasement by the inner and the outer 
coat components, a process that requires the N-terminal domain of SpoVID. 
In Chapter 2, we demonstrated that a small region at the end of this domain, 
named region E, is required for encasement by the four layers of the coat and 
for a direct interaction with CotE. Now, we show that region E is also 
important for the interaction with SafA, linking the process of encasement by 
both the inner and outer coat modules to specific protein interactions 
involving the same region of SpoVID. We found single amino acid 
substitutions in region E that cause mislocalization of SafA and prevent its 
binding to SpoVID. Moreover, high concentrations of peptides with the 
sequence of region E promote binding of SafA and CotE to SpoVID in vitro 
and bypass the need of region E for interaction with SafA. This suggests that 
region E functions by shuttling or otherwise promoting binding of SafA and 
CotE to a second surface in SpoVID.  
We also show that the two residues within region E required for 
encasement by both SafA and CotE are important for coat integrity. Our data 
indicates that mislocalized SafA and/or its dependent proteins acts as an 
attractor for CotE. Thus, although the SafA and CotE modules are largely 
independent, our study reveals a tight connection between the inner and 
outer coat substructures.  





Morphogenesis of the spore coat in B. subtilis has been extensively 
studied, contributing to our understanding of how supramolecular structures 
are assembled during cell differentiation at a specific subcellular localization. 
The coat is an organelle that encloses the spore, protecting it and arbitrating 
many of its environmental interactions. It comprises more than 80 different 
proteins, organized in four sublayers: the basement layer, the inner coat, the 
outer coat and the crust (Henriques and Moran, 2000; Kim et al., 2006; 
Henriques and Moran, 2007; McKenney and Eichenberger, 2012; McKenney 
et al., 2013). The coat proteins are synthesized in the mother cell 
compartment, and after asymmetric division the earlier-localizing ones 
assemble at the mother cell proximal (MCP) pole of the developing spore, 
forming a scaffold (Fig. 3.1 A). Then, these proteins encircle the spore in 
successive waves of encasement, establishing the four layers of the coat (Fig. 
3.1 B and C). Coat morphogenesis continues along spore development, with 
proteins being synthesized and added to each layer (Driks et al., 1994; Wang 
et al., 2009; McKenney and Eichenberger, 2012; McKenney et al., 2013) (see 
“Two step of coat assembly: targeting and encasement” and “Successive waves 
of encasement during coat morphogenesis”, in Chapter 1). 
Assembly of the coat components is guided by morphogenetic 
proteins (Driks et al., 1994; Henriques and Moran, 2000; Errington, 2003; 
Henriques and Moran, 2007; McKenney et al., 2010; McKenney and 
Eichenberger, 2012; McKenney et al., 2013). Among those, SpoIVA is 
important for the localization of all spore coat proteins at the surface of the 
developing spore, while SpoVM and SpoVID drive spore encasement (Wang 
et al., 2009) (see “Two step of coat assembly: targeting and encasement”, in 
Chapter 1). These three proteins localize earlier at the MCP pole and encase 
the spore in the first wave of encasement; they are referred to as class I 
proteins. The absence of SpoIVA, SpoVM or SpoVID results in spores without  
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a coat (Roels et al., 1992; Beall et al., 1993; Levin et al., 1993).  
Morphogenetic proteins SafA and CotE are specifically required for 
formation of the inner coat and of the outer coat and the crust, respectively 
(Driks et al., 1994; Takamatsu et al., 1999). SafA and CotE appear to act as 
hubs for assembly of the inner and outer coat, while CotE additionally 
recruits CotZ, responsible for assembly of the crust. These proteins may
 
 
Figure 3.1 – Schematic view of spore encasement mediated by the region E of SpoVID. A) 
Proteins of the basement layer localize to the surface of the developing spore. SpoVM 
(black) recognizes and binds to the spore membrane and recruits SpoIVA (white triangles). 
SpoIVA multimerizes around the spore and interacts with the C-terminal domain of SpoVID 
(light blue circles), which oligomerizes as well. SpoIVA also interacts with SafA (yellow), 
and possibly with CotE (blue circles), recruiting them. Encasement is favored by the N-
terminal domain of SpoVID (pink triangles), as it interacts with SafA B) and CotE. The full-
length form of SafA is required for the localization of SafAC30 (yellow ovals), which may 
function as the hub for inner coat proteins. C) Completion of encasement. CotE 
multimerizes, forming a basal layer for assembly of the outer coat. IC: inner coat; OC: outer 
coat. D) Diagram of SpoVID (left panel), with region E in evidence (right panel). Region E 
comprises residues 125 – 136, among which L125, I127 and L131 are involved in 
encasement by CotE. L127A and L131A substitutions reduce the interaction between 
SpoVID and CotE. 
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function by interacting with several proteins that compose a particular layer 
and recruiting them to the spore surface. Regarding SafA, the hub function 
may be performed by its C-terminal region. Thus, accumulation of the SafAC30 
form, resulting from the internal translation of the safA mRNA (Takamatsu et 
al., 2000a; Ozin et al., 2001a), could be a strategy to increase the surface area 
available for the interaction of the inner coat components. Both SafA and 
CotE localize earlier at the surface of the prespore; however, whereas SafA is 
presumed to encircle the spore in the first wave of encasement (since at least 
some SafA-dependent proteins belong to the kinetic class I), CotE encases the 
spore in the second wave, belonging to the kinetic class II (McKenney and 
Eichenberger, 2012). Both hubs require SpoIVA and SpoVID for localization, 
interact directly with SpoVID, and at least SafA also binds SpoIVA (Driks et 
al., 1994; Ozin et al., 2000; Ozin et al., 2001b; Costa et al., 2006; Mullerova et 
al., 2009; Wang et al., 2009; de Francesco et al., 2012; Qiao et al., 2012; Qiao 
et al., 2013). This suggests that the mechanisms of targeting and encasement 
by the coat components are linked to specific protein-proteins interactions 
between the major morphogenetic proteins. Moreover, the N terminus of 
SpoVID is sufficient for a direct interaction with SafA in vitro (Costa et al., 
2006). 
In Chapter 2, we showed that a small stretch of residues within the 
end of the N-terminal domain of SpoVID, termed region E (residues L125 – 
L136; Fig. 3.1 D), is essential for encasement by all coat layers. Also, we 
linked the mechanism of encasement by CotE and its interactors to a direct 
interaction between CotE and SpoVID that requires region E (de Francesco et 
al., 2012). Now, we extended the analysis of region E, focusing on the 
mechanism by which it governs encasement by SafA and its interactors. We 
identified specific residues within this region that are involved in a direct 
interaction with and encasement by SafA. Also, experiments using peptides 
with the sequence of region E suggest that this region facilitates binding of 
SafA and CotE to a second surface in SpoVID. We show that two residues 
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required for encasement by SafA are also involved in encasement by CotE 
and have a major role in coat integrity. Finally, we provide data supporting 
the idea that mislocalized SafA and/or its partners act as an attractor for 




MATERIALS AND METHODS 
 
Bacterial strains, media and general methods 
DNA manipulation and other molecular methods were performed 
according to standard protocols, using E. coli DH5α for cloning. All B. subtilis 
strains are congenic derivatives of the wild type PY79 (Youngman et al., 
1984). Bacterial strains used in this study are listed in Table 3.1, and 
plasmids and oligonucleotide primers required for their construction are 
described in Tables A4 and A5 of the Appendices. Routine growth of E. coli 
and B. subtilis was done at 37 °C in Luria-Bertani (LB) medium, 
supplemented with appropriate antibiotics. For sporulation induction, 
strains were resuspended in Sterlini-Mandelstam sporulation (SM) medium 
and incubated at 37 °C (Sterlini and Mandelstam, 1969). Lysozyme and heat 
resistance tests were performed on samples from cultures grown in SM at 
37°C for 48 hours, as previously described (Nicholson and Setlow, 1990).  
 
Table 3.1: Bacterial strains used in this study 
Strains Relevant properties Source 
   
B. subtilis   
PY79 Prototrophic derivative of B. subtilis 168 Youngman et 
al., 1984 
PE655 ∆safA::safA-gfp Specr Wang et al., 
2009 
AH5367 ∆safA This study  
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Table 3.1: Bacterial strains used in this study (cont.) 
Strains Relevant properties Source 
   
AH5370 ∆safA, amyE’::safA-yfp::’amyE Neor This study 
AH5371 ∆safA, amyE’::safA-yfp::’amyE, ∆spoVID Neor  “ 
AH5383 ∆safA, amyE’::safA-yfp::’amyE, spoVID∆E Neor  “ 
AH5384 ∆safA, amyE’::safA-yfp::’amyE, spoVIDL125A Neor “ 
AH5385 ∆safA, amyE’::safA-yfp::’amyE, spoVIDT126A Neor “ 
AH5386 ∆safA, amyE’::safA-yfp::’amyE, spoVIDI127A Neor  “ 
AH5387 ∆safA, amyE’::safA-yfp::’amyE, spoVIDQ128A Neor “ 
AH5388 ∆safA, amyE’::safA-yfp::’amyE, spoVIDD130A Neor “ 
AH5389 ∆safA, amyE’::safA-yfp::’amyE, spoVIDL131A Neor “ 
AH5390 ∆safA, amyE’::safA-yfp::’amyE, spoVIDI133A Neor “ 
AH5391 ∆safA, amyE’::safA-yfp::’amyE, spoVIDE134A Neor “ 
AH5392 ∆safA, amyE’::safA-yfp::’amyE, spoVIDG135A Neor “ 
AH5393 ∆safA, amyE’::safA-yfp::’amyE, spoVIDL136A Neor “ 
AH5246 ∆spoVID “ 
AH5354 ∆spoVID, amyE’::spoVID::’amyE Neor “ 
AH5355 ∆spoVID, amyE’::spoVID∆E::’amyE Neor “ 
AH5356 ∆spoVID, amyE’::spoVIDL125A::’amyE Neor “ 
AH5359 ∆spoVID, amyE’::spoVIDT126A::’amyE Neor “ 
AH5357 ∆spoVID, amyE’::spoVIDI127A::’amyE Neor  “ 
AH5358 ∆spoVID, amyE’::spoVIDL131A::’amyE Neor  “ 
AH5362 ∆spoVID, amyE’::spoVIDI133A::’amyE Neor  “ 
AH5363 ∆spoVID, amyE’::spoVIDE134A::’amyE Neor “ 
AH5404 ∆cotE::cat “ 
AH5413 ∆spoVID, yaaHΩyaaH-gfp Spcr “ 
AH5414 ∆spoVID, amyE’::spoVID::’amyE, yaaHΩyaaH-gfp Neor Spcr  “ 
AH5415 ∆spoVID, amyE’::spoVID∆E::’amyE, yaaHΩyaaH-gfp Neor Spcr  “ 
AH5416 ∆spoVID, amyE’::spoVIDL125A::’amyE, yaaHΩyaaH-gfp Neor Spcr “ 
AH5417 ∆spoVID, amyE’::spoVIDI127A::’amyE, yaaHΩyaaH-gfp Neor Spcr “ 
AH5418 ∆spoVID, amyE’::spoVIDL131A::’amyE, yaaHΩyaaH-gfp Neor Spcr “ 
AH5419 ∆spoVID, amyE’::spoVIDI133A::’amyE, yaaHΩyaaH-gfp Neor Spcr “ 
AH5421 ∆spoVID, cotMΩcotM-gfp Spcr “ 
AH5422 ∆spoVID, amyE’::spoVID::’amyE, cotMΩcotM-gfp Neor Spcr  “ 
AH5423 ∆spoVID, amyE’::spoVID∆E::’amyE, cotMΩcotM-gfp Neor Spcr  “ 
AH5424 ∆spoVID, amyE’::spoVIDL125A::’amyE, cotMΩcotM-gfp Neor Spcr “ 
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Table 3.1: Bacterial strains used in this study (cont.) 
Strains Relevant properties Source 
   
AH5425 ∆spoVID, amyE’::spoVIDI127A::’amyE, cotMΩcotM-gfp Neor Spcr This study 
AH5426 ∆spoVID, amyE’::spoVIDL131A::’amyE, cotMΩcotM-gfp Neor Spcr “ 
AH5427 ∆spoVID, amyE’::spoVIDI133A::’amyE, cotMΩcotM-gfp Neor Spcr “ 
AH5464 ∆safA, amyE’::safA-yfp::’amyE, cotEΩcotE-cfp Neor Spcr “ 
AH5465 ∆safA, amyE’::safA-yfp::’amyE, ∆spoVID, cotEΩcotE-cfp Neor Spcr “ 
AH5463 ∆safA, cotEΩcotE-cfp, Spcr  “ 
AH5420 ∆safA, amyE’::safA-yfp::’amyE, cotE::cat Neor Cmr  “ 
AH5466 ∆safA, amyE’::safA-yfp::’amyE, spoVID∆E, cotEΩcotE-cfp Neor Spcr “ 
AH5467 ∆safA, amyE’::safA-yfp::’amyE, spoVIDL125A, cotEΩcotE-cfp Neor Spcr “ 
AH5468 ∆safA, amyE’::safA-yfp::’amyE, spoVIDI127A, cotEΩcotE-cfp Neor Spcr “ 
AH5469 ∆safA, amyE’::safA-yfp::’amyE, spoVIDL131A, cotEΩcotE-cfp Neor Spcr “ 
AH5470 ∆safA, amyE’::safA-yfp::’amyE, spoVIDI133A, cotEΩcotE-cfp Neor Spcr “ 
   
E. coli   
DH5α F– Φ80lacZΔM15 Δ(lacZYA-argF) U169 recA1 endA1 hsdR17 (rK–, 
mK+) phoA supE44 λ– thi-1 gyrA96 relA1 
Invitrogen 
BL21 F– dcm ompT hsdS(rB– mB–) gal λ(DE3) Promega 
BL21 F– dcm ompT hsdS(rB– mB–) gal λ(DE3) pLysS (Cmr) Novagen 
CC118 Δ(ara-leu) araD ΔlacX74 galE galK phoA20 thi-1 rpsE rpoB 
argE(Am) recAl λ(DE3) pLysS (Cmr )   
Colin Manoil 
AH2687 CC118(DE3)/pLysS/pTC55 Ampr Cmr  Costa et al., 
2006 
AH2692 CC118(DE3)/pLysS/pOZ169 Ampr Cmr “  
AH5291 CC118(DE3)/pLysS/pFN86 Ampr Cmr  This study 
AH5301 CC118(DE3)/pLysS/pFN88 Ampr Cmr “ 
AH5302 CC118(DE3)/pLysS/pFN89 Ampr Cmr “ 
AH5303 CC118(DE3)/pLysS/pFN90 Ampr Cmr “ 
AH5304 CC118(DE3)/pLysS/pFN91 Ampr Cmr “ 
AH5305 CC118(DE3)/pLysS/pFN92 Ampr Cmr  “ 
AH5290 CC118(DE3)/pLysS/pFN85 Ampr Cmr “ 
AH5306 CC118(DE3)/pLysS/pFN93 Ampr Cmr “ 
AH5307 CC118(DE3)/pLysS/pFN94 Ampr Cmr “ 
AH5308 CC118(DE3)/pLysS/pFN95 Ampr Cmr “ 
AH5309 CC118(DE3)/pLysS/pFN96 Ampr Cmr “ 
AH5236 BL21(DE3)/pFN76 Cmr “ 
AH5240 BL21(DE3)/ pET21b-cotE-STOP Ampr  “ 
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In-frame deletions of spoVID and safA, and a ∆cotE::cat null mutant 
SOE-PCR was used to generate an amplicon composed by the spoVID 
coding sequence with an in-frame deletion that eliminates residues 39-548, 
as well as the upstream and downstream regions of the gene. This DNA 
fragment was cloned into the vector pJET1.2/blunt (ThermoFisher 
Scientific), digested with BglII, and subcloned in the plasmid pMAD (Arnaud 
et al., 2004) to create pFN87. SOE-PCR was also used to obtain a DNA 
fragment containing the safA coding sequence with an in-frame deletion that 
eliminates residues 46 – 249 (required for production of SafAC30 and SafAN20 
and for SafA localization) and safA flanking regions. The fragment was 
digested with EcoRI and SalI and inserted into pMAD (Arnaud et al., 2004), 
generating pFN115. pFN87 and pFN115 were then transformed into PY79 
cells, as previously described (Arnaud et al., 2004), creating strains AH5246 
and AH5367. Integration of the in-frame deletions in spoVID or in safA was 
confirmed by PCR. Heat and lysozyme resistance assays and germination 
tests by overlay (Nicholson and Setlow, 1990) were used to address the 
phenotypes of these null mutants.  
The cotE null mutant was obtained by transformation of PY79 cells 
with the chromosomal DNA of AH2835 (Costa et al., 2007), followed by 
selection for chloramphenicol resistance. 
 
Integration of spoVID alleles at the amyE locus 
The coding sequence of spoVID and its flanking regions were PCR 
amplified with primers SpoVID-24D and SpoVID-1952R. These primers, in 
combination with each of those pairs listed in Table A5 of the Appendices, 
were used to amplify spoVID versions with modifications within region E or 
with the deletion of this region, through site-directed mutagenesis. PCR 
products were digested with XbaI and BamHI and cloned into the vector 
pMLK83 (Karow and Piggot, 1995) to create pFN101–105, pFN107 and 
pFN110–111. These vectors were then transformed into the spoVID null 
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mutant strain AH5246, resulting in strains AH5354–5359, AH5362 and 
AH5363, expressing the various spoVID alleles from the amyE locus. 
 
Construction of a functional SafA-YFP fusion 
The vector pCF75 (Fernandes, C. and Henriques, A. O., not published) 
was constructed by insertion of the safA coding sequence and its flanking 
regions into pMLK83 (Karow and Piggot, 1995). A DNA fragment composed 
by the 3’ region of safA, a sequence coding for the flexible linker FL3 
(residues LGGGGSGGGGSGGGGSAAA,(Arai et al., 2001) and the 5’ region of 
yfp was amplified without template using oligonucleotides safA-fl3D and fl3-
yfpR. This fragment was fused to yfp by SOE-PCR with primers fl3-yfpD and 
yfp-TsafAR, and the resulting amplicon was used as a megaprimer to insert 
fl3 and yfp into pCF75, generating pCF149. The safA null mutant AH5367 was 
then transformed with this vector, resulting in a strain expressing safA-fl3-
yfp (herein safA-yfp) from the amyE locus (AH5370). The functionality of the 
fluorescent fusion was addressed by heat and lysozyme resistance assays 
and by the profile of extractable coat proteins resolved in SDS-PAGE, in 
comparison with a strain expressing the pre-existing safA-gfp fusion. 
 
B. subtilis strains expressing fluorescent fusions 
For expression of SafA-YFP from the amyE locus, strain AH5370 was 
constructed as described above. To obtain cells producing this fusion in the 
absence of SpoVID, spoVID null mutant cells (AH5246) were transformed 
with pFN115 for insertion of the safA in-frame deletion (Arnaud et al., 2004), 
and with pCF149 to insert safA-yfp into the amyE locus, creating the strain 
AH5371. To express SafA-YFP in a cotE null mutant background, the strain 
AH5370 was transformed with the chromosomal DNA of AH2835 cells (Costa 
et al., 2007), followed by selection for chloramphenicol resistance. The 
maintenance of the safA in-frame deletion in the resulting strain, AH5240, 
was confirmed by PCR. For expression of SafA-YFP in the presence of SpoVID 
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variants without region E or with alanine substitutions within this region, 
new pMAD (Arnaud et al., 2004) derivative vectors were designed. The 
various spoVID alleles were amplified by SOE-PCR (primers listed in Table A5 
of Appendices), digested with BglII and BamHI, and inserted into pMAD to 
generate plasmids pFN116-126. Then, strain AH5370 was transformed with 
these plasmids, replacing the wild type spoVID for spoVID versions through 
double crossing-over (Arnaud et al., 2004). The presence of each mutation in 
the new strains, AH5383–5393, was finally confirmed by sequencing.  
To obtain cells expressing YaaH-GFP or CotM-GFP, strains AH5354–
5358 and AH5362, expressing the various spoVID alleles form the locus 
amyE, as well as the spoVID null mutant strain AH5246, were transformed 
with the chromosomal DNA of PE793 or PE787 (Wang et al., 2009), 
harboring yaaH-gfp and cotM-gfp fusions, respectively. Cells were then 
selected for spectinomycin resistance, resulting in strains AH5413–5419 and 
AH5421–5427.  
For expression of SafA-YFP and CotE-CFP within the same cell, strains 
AH5367, AH5370–5371, AH5383–5384, AH5386 and AH5389–5390, 
harboring safA-yfp, were transformed with the chromosomal DNA of PE1945 
(McKenney and Eichenberger, unpublished), containing cotE-cfp, and 
selected for spectinomycin resistance.  The maintenance of safA and spoVID 
in-frame deletions in the new strains (AH5463–5470) was confirmed by PCR. 
 
Strains for overproduction of GST-SpoVID variants  
DNA fragments corresponding to the various spoVID alleles were 
generated by site-directed mutagenesis using pairs of oligonucleotides 
described in Table A5 of the Appendices. These fragments were digested 
with BamHI and XhoI and inserted into pGEX-4T-2 to create vectors pFN85–
86 and pFN88–96, harboring gst fused to spoVID variants. E. coli 
CC118(DE3)/pLysS cells were transformed with these expression vectors, 
resulting in strains AH5290–5291 and AH5301–5309. For overproduction of 
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untagged SafA, the safA coding sequence was amplified with primers safA-
364D and SafA1364R, digested with NcoI and BamHI and inserted in the 
same cloning sites of pACYCDuet-1 (Merck Millipore). The vector was 
introduced in E. coli BL21(DE3) cells, creating strain AH5236. 
Overproduction of untagged CotE was achieved using an E. coli BL21(DE3) 
derivative harboring pET21b-cotE-STOP vector (de Francesco et al., 2012), 
AH5240. 
 
Fluorescence microscopy and image analysis 
One-milliliter samples were collected from SM cultures of B. subtilis 
strains. Cells were harvested by centrifugation (4000 × g, 10 min, at 4°C) and 
resuspended in 0.1 mL of PBS supplemented with 1 µL of a 2 mg/mL solution 
of the membrane dye FM 4-64 (Molecular Probes, Invitrogen). Fluorescence 
microscopy was conducted in Leica DM6000B or in Nikon 90i microscopes, 
as previously described (Serrano et al., 2011; McKenney and Eichenberger, 
2012). The Leica microscope was coupled with a phase contrast objective 
Uplan F1 100x, and images were acquired with a CCD camera Andor IxonEM 
(Andor Technologies) using the software Metamorph v5.8 (Molecular 
Devices). The Nikon microscope was equipped with an objective Plan Fluor 
1.3NA 100x (Nikon), a Roper 1K digital camera and the software NIS 
Elements AR 3.0 (Nikon). Metamorph v5.8, NIS Elements AR 3.0 and ImageJ 
(http://rsbweb. nih.gov/ij/) were used for image analysis. For quantification 
of the subcellular localization patterns of fluorescent fusions, at least 100 
sporulating cells were randomly examined and scored for each strain. The 3D 
graphics of the fluorescent intensity patterns in sporulating cells were 
obtained using the ImageJ plugin Interactive 3D Surface Plot v2.33. 
 
Accumulation of SpoVID variants during sporulation 
Ten-milliliter samples were collected from SM cultures of the strains 
PY79, AH5246, AH5354–5359 and AH5362–5363. Cells were harvested by 
Chapter 3  
 
104 
centrifugation (7500 × g, 10 min, at 4°C), resuspended in French press buffer 
(10 mM Tris pH 8.0, 10 mM MgCI2, 0.5 mM EDTA, 0.2 M NaCI, 10% glycerol, 
0.1 mM DTT, 1 mM PMSF), and lysed in a French pressure cell (18,000 
lb/in2). Cell extracts were quantified using the Bio-Rad mini protein system 
according to manufacturer’s instructions. 10 µg of each sample were 
prepared for SDS-PAGE 10%, and proteins were resolved, transferred to 
nitrocellulose membranes and immunobloted using purified anti-SpoVID 
antibodies. As a control for the amount of cell extracts loaded in the gel, 
membranes were stripped with stripping buffer (50 mM Tris, pH 6.8, 2% 
SDS, 100 mM β-mercaptoethanol) and reprobed with anti-σ70 antibody 
(Abcam), that recognizes σA. 
 
GST pulldown assays 
For overproduction of glutathione S-transferase (GST) fused to 
SpoVID variants and of native GST, the derivatives of E. coli CC118 
(DE3)/pLysS listed in Table 3.1 were used. SafA expression was performed 
with the E. coli BL21(DE3) derivative AH5236. Cultures of 10 mL (for GST 
and SafA) or 50 mL (for GST-SpoVID variants) were grown to an optical 
density at 600 nm of 0.6 and induced with 1 mM IPTG for 3 h (for GST and 
GST-SpoVID variants) or for 30 min (for SafA). Cells were harvested by 
centrifugation (at 4°C for 10 min, at 7500 × g) and resuspended in 1 mL of 
cold buffer. GST-SpoVID variants and GST producing cells were resuspended 
in  VPEX-100 buffer with β-mercaptoethanol (Ozin et al., 2001b; de 
Francesco et al., 2012), while SafA producing cells were resuspended in 
buffer I (PBS- 0,1% Tween 20 + 10% glycerol), both supplemented with 1 
mM PMSF and Complete Mini EDTA-free protease inhibitor cocktail (Roche). 
Cell lysis was performed in a French pressure cell (18,000 lb/in2) or in a 
sonicator QSonica CL5 (Misonix) under optimal conditions for cell breakage 
(amplitude of 50 for 30s, repeated 4 times with 10s intervals). The lysates 
were cleared by centrifugation (at 4°C for 20 min, at 10 000 × g) and diluted 
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to adjust concentrations (1:1 to 1:5 for GST-SpoVID variants, 1:20 for GST 
and 1:500 for SafA). Pulldown assays were performed as previously 
described (de Francesco et al., 2012), except that GST and GST-SpoVID 
variants were used as baits and SafA was used as prey. As a negative control, 
a BL21(DE3) cleared lysate was incubated with GST-SpoVID immobilized in 
glutathione beads. Proteins retained by the beads were resuspended in 
protein loading buffer, boiled for 5 min, and resolved in SDS-PAGE 12.5%. 
Gels were transferred to nitrocellulose membranes for immunoblot analysis 
with anti-SafA antibodies. Membranes were finally stained with Ponceau 
Red, as a control for the retention of GST-SpoVID variants and GST. 
 
Spore purification, coat proteins extraction, and spore fractionation 
Spores were purified from SM cultures with 24 hours by a two-step 
gradient of gastrografin (Bayer Schering Pharma), as previously described 
(Seyler et al., 1997; Henriques and Moran, 2000). Extraction of coat proteins 
was achieved by boiling the purified spores (equivalent to an OD580nm of 2) 
for 8 min in extraction buffer (10% glycerol, 4% SDS, 250 mM Tris pH 6.8, 
10% β-mercaptoethanol, 1 mM DTT, 0.05% bromophenol blue), followed by 
centrifugation (2 min, 16200 × g). Coat proteins within the supernatant were 
then resolved by SDS-PAGE 15% (Seyler et al., 1997; Henriques and Moran, 
2000), and gels were stained with Coomassie brilliant blue R-250 for protein 
visualization.  
For spore fractionation, spores corresponding to an OD580nm of 2 were 
boiled for 5 min in extraction buffer without bromophenol blue and 
centrifuged (2 min at 16200 × g). The supernatant, consisting of the soluble 
coat fraction, was removed and stored in a new tube, where bromophenol 
blue was added for final concentration of 0.05% before analysis in SDS-PAGE 
15%. The sediment, containing the decoated spores, was washed twice with 
Tris-buffered saline with Tween 20 (TBS-T: 50 mM Tris, 150 mM NaCl, pH 
8.0, 0.1% Tween 20) and divided into two equal volume samples. These 
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samples were incubated at 37° C for 2 hours in 50 mM Tris buffer (pH 8.0), 
with or without lysozyme (2 mg/mL). Then, they were boiled for 5 min in 
protein loading buffer, and proteins were resolved in SDS-PAGE 15%, along 
with half of the volume of the coat fractions (above). Gels were transferred to 
nitrocellulose membranes for immunoblot analysis using anti-SafA, anti-CotE 
and anti-SpoVID antibodies. As a control for the decoating, membranes were 
stripped as described above and reprobed with anti-CotA antibodies.  
 
Peptide-binding assays 
Three types of N-terminal biotinylated peptides were used in these 
experiments: one with the wild type sequence of region E plus 3 residues 
upstream and one downstream (SRILTIQADLAIE GLLD), and two variants of 
this peptide with alanine substitutions in residues corresponding to L125 
and L131 in SpoVID (SRIATIQADLAIEGLLD and SRILTIQADAAIEGLLD). 
Peptides were synthesized by ThermoFisher Scientific (with purities of 
>73,121% for wild type, >92,361% for L125A and >83,514% for L131A 
variants) and diluted in PBS – 0,1% Tween 20.  
Overproduction of GST-SpoVID variants, GST and SafA, as well as 
preparation of the cell lysates, was performed as described for GST pulldown 
assays. For CotE overproduction, 10 mL cultures of AH5240 were grown to 
an OD600nm of 0.6 and induced with 1 mM IPTG for 3 h. Cells were harvested 
by centrifugation (at 4°C for 10 min, at 7500 × g), resuspended in 1 mL of 
cold buffer I supplemented with 1 mM PMSF and protease inhibitor cocktail, 
and lysed. The lysate was cleared by centrifugation and the soluble fraction 
was diluted 1:10. Pulldown assays were performed as described above, 
except that CotE was also used as prey. Also, peptides were added to the 
diluted lysates containing SafA, CotE or GST-SpoVID variants, depending on 
the binding assay, for the final concentrations of 1, 10 or 100 µM, and 
incubated for 1 hour (at 4ºC with agitation) before addition to the beads 
fractions. For CotE detection, anti-CotE antibodies were used. 
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Transmission electron microscopy 
Cells from SM cultures with  8 hours were collected by centrifugation, 
fixed and processed for thin sectioning electron microscopy, as previously 
described (Ozin et al., 2000). 
 
Immunoblot analysis 
Immunoblot analysis was conducted using the SuperSignal West Pico 
Chemiluminiscent Substrate (ThermoFisher Scientific) according to the 
manufacturer´s instructions. 5% low fat powder milk in PBS- 0,1% Tween 20 
(0.001%) was used as the blocking agent. Antibodies were used at the 
following dilutions: anti-SafA (a gift from Charles P. Moran Jr.) 1:15 000, and 
anti-CotA, anti-CotE, anti-SpoVID and anti-σ70 (laboratory stocks) at 1:1 000. 
Secondary horseradish peroxidase-conjugated antibody (Sigma) was used at 





Specific residues in region E are essential for encasement by SafA 
Our previous findings (see Chapter 2) showed that region E, at the 
end of the N-terminal domain of SpoVID, is essential for spore encasement by 
proteins residing in each of the four coat sublayers. The SafA-dependent, 
inner coat protein YaaH is one of these proteins, suggesting that SafA also 
requires region E for encasement. Moreover, SafA interacts directly with the 
N terminus of SpoVID (Costa et al., 2006). Residue L131, within region E, is 
essential for a direct interaction with and encasement by CotE, but 
dispensable for a direct interaction with SafA (Chapter 2,(de Francesco et al., 
2012). Therefore, we aimed at determining if region E is involved in 
encasement by SafA, and if so, which residues within this region have a major 
role.  
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We started by performing alanine scanning mutagenesis of region E, 
in order to analyze the contribution of the side chains of residues in this 
region to the subcellular localization of SafA. To do this, we first constructed 
a strain with an in-frame deletion of safA and expressing safA fused to yfp 
(safA-yfp, Fig. 3.2 A) from the non-essential locus amyE. The in-frame 
deletion of safA reduces the polar effects on downstream genes of the 
operon. Spores produced by this deletion mutant are sensitive to lysozyme 
treatment (Fig. 3.2 B) and have an altered profile of extractable coat proteins 
in SDS-PAGE (Fig. 3.2 C), in line with the phenotype of safA insertional 
mutants previously constructed (Takamatsu et al., 1999; Ozin et al., 2000). 
Regarding the safA-yfp fusion, it comprises the flexible linker fl3 (Arai et al., 
2001) connecting safA and yfp (Fig. 3.2 A). Cells expressing this fusion exhibit 
a profile of coat proteins closer to the wild type, in comparison with cells 
harboring pre- existing fluorescent protein fusions to SafA (Fig. 3.2 C). Also, 
spores produced by this strain are resistant to heat and lysozyme treatments 
(Fig. 3.2 B), suggesting integrity of the cortex and coat. We then generated
 
 
Figure 3.2 – A) Schematic view of the SafA-YFP construction, in which YFP was inserted 
at the C terminus of SafA, separated by the flexible linker FL3. B) Heat and lysozyme 
resistant spore counts in wild type cells (wt), in cells with the in-frame deletion of safA 
(∆safA) and in cells expressing either safA-yfp or safA-gfp fusions. C) SDS-PAGE profiles 
of the extractable coat proteins from spores produced by those strains. 
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spoVID alleles with alanine substitutions for all residues within region E 
other than alanines, and the entire region was also deleted. These alleles 
were transferred to the spoVID locus of the strain expressing safA-yfp. As a 
control, an in-frame spoVID deletion mutation was also transferred to the 
safA-yfp background.  
Mutant strains with the various spoVID alleles or with the in-frame 
deletion of spoVID and expressing safA-yfp were resuspended in SM medium 
and imaged by fluorescence microscopy along sporulation (Figs. 3.3; Fig S1 of 
Appendices; Table 3.2). In cells expressing the wild type spoVID, SafA-YFP 
starts localizing at the asymmetrical septum as soon it begins to curve, 
forming a dot that expands into a cap (visible in 91% of the sporulating cells 
at hour 2). Then, after engulfment completion but before the spore became 
phase-dark, a second cap appears at the opposite pole (in 47%, at hour 4), 
and finally SafA-YFP completely encircles the spore (in 83%, at hour 6). This 
progression, particularly evident on three-dimensional representations of 
the YFP signal in sporulating cells (Fig 3.3, 3rd rows), is consistent with the 
localization pattern of coat proteins belonging to kinetic class II, according to 
the classification of McKenney and Eichenberger, 2012. Similar patterns of 
SafA-YFP localization were observed for strains with substitutions T126A, 
Q128A, D130A, L131A, E134A, G135A or L136A in SpoVID (Fig. S1; Table 
3.2), indicating that the side chains of these residues are not critical for SafA 
localization. Therefore, it appears that residue L131 has a specific role in 
encasement by CotE and its partners. 
In cells with the deletion of region E, as well as in sporangia bearing a 
deletion of spoVID, SafA-YFP localizes as a dot at the MCP pole in the first 
targeting step, but then the encasement is impaired. Six hours after 
resuspension, SafA-YFP remains accumulated as a dot or as a single cap in 
some sporulating cells, while in others the YFP signal spreads into the 
mother cell cytoplasm (Fig. 3.3, 2nd column; Fig. S1; Table 3.2). This confirms 
that region E of SpoVID is required for encasement by SafA, as suggested by 





Figure 3.3 – Specific residues within region E are required for encasement by SafA-YFP. 
Strains expressing SafA-YFP and the various SpoVID forms were colected at A) 2, B) 4 
and C) 6 hours after the onset of sporulation, stained with the membrane dye FM 4-64 and 
analysed by fluorescence microscopy. A few representative cells are shown for mutant 
strains that revealed a different subcellular localization pattern of SafA-YFP comparing to 
wild type cells. 1
st
 rows: SafA-YFP signal; 2
nd
 rows: merge between the signals of SafA-
YFP and stained membranes; 3
rd
 rows: 3D distribution of the YFP signal for one 
representative cell of each strain, with the percentage of cells that exhibit that pattern 
indicated bellow each graph. Scale bar: 1µm.  
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our previous results (Chapter 2). However, the deletion of region E does not 
totally resemble the phenotype of the spoVID null mutant. In cells expressing 
spoVID∆E, SafA-YFP commonly mislocalizes in the mother cell cytoplasm 
(59%) or accumulates as a foci at the MCP pole of the spore (24%) at later 
stages (hour 6), whereas spoVID null mutant cells typically exhibit a single 
YFP cap (59%). Yet, the YFP signal also spreads in the mother cell cytoplasm 
in 35% of the null mutant cells. 
 
 
Table 3.2: Quantification of the encasement by SafA-YFP in strains 
 expressing the various spoVID alleles
 a 
 




    
 
     
               
wt   3   91  6    0   21   47   32    0   10  7   83  0 
∆spoVID   84   16  0    34   66   0   0    6   59  0   0  35 
∆E   88   12  0    30   70   0   0    24   17  0   0  59 
L125A   28   72  0    3   96   1   0    0   90  0   0  10 
T126A   5   93  2    0   19   58   23    0   11 13   76  0 
I127A   36   64  0    0   98   0   2    3   91  1   2  3 
Q128A   4   89  7    0   12   42   46    0   11  7   80  2 
D130A   0  100  0    0   28   33   39    0   10  14   76  0 
L131A   1   95  4    0   15   47   38    0   13 16   71  0 
I133A   23   77  0    0   60   16   28    0   35  3   58  4 
E134A   6   94  0    0   25   47   28    0   17  13   70  0 
G135A   2   94  4    0   28   27   45    0   13  15   70  2 
L136A   3   96  1    0   26   33   41    0   15  11   74  0 
a
 The numbers correspond to the percentages of sporulating cells with each of the SafA-YFP 
localization patterns represented, at 2, 4 and 6 hour after the onset of sporulation. 
 
 
We found that substitutions L125A and I127A, within region E, are 
sufficient to block encasement by SafA-YFP. In strains expressing spoVIDL125A 
or spoVIDI127A, approximately 90% of the sporulating cells exhibit a single 
fluorescent cap at the MCP pole of the spore at later stages (hour 6). Although 
a small fluorescent dot can be visible in the mother cell distal (MCD) pole in a 
few cells, a second cap or a complete ring is rarely formed (Fig. 3.3; Fig S1; 
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Table 3.2). Interestingly, L125 and I127 are also required for encasement by 
CotE (de Francesco et al., 2012). Substitution I133A also causes a defect in 
encasement by SafA-YFP. In strains with this substitution, SafA-YFP is able to 
encircle the spore, yet the proportion of sporulating cells exhibiting a single 
fluorescent cap after 4 and 6 hours of sporulation is higher than in the wild 
type (60% and 35% in the I133A variant vs 21% and 10% in the wild type). 
This suggests that encasement by SafA-YFP is delayed in these cells (Fig. 3.3; 
Fig S1; Table 3.3).  
We then investigated whether the SpoVID variants that caused 
mislocalization of SafA-YFP accumulate in sporulating cells. We constructed 
new strains with the in-frame deletion of spoVID and expressing the various 
spoVID alleles from the locus amyE. Cells were collected at 2, 4 and 6 hours 
after the onset of sporulation and lysed. Then, we carried out immunoblot 
assays on cell extracts using anti-SpoVID antibodies (Fig. 3.4, 1st row) and, as 
a loading control, with antibodies that recognize σA (Fig. 3.4, 2nd row). Bands 
of the expected molecular mass were detected for all mutant strains, showing 
that the various SpoVID forms accumulate in these cultures. This is in line 
with previous experiments that showed that these variants, when fused to 
CFP, localize in sporulating cells in identical patterns as the wild type 




Figure 3.4 – SpoVID variants that led to mislocalization of SafA-YFP accumulate in 
sporulating cells along the time. Samples of SM media cultures were collected at 2, 4 and 
6 hours after resuspension, and cells were lysed. Identical quantities of cell extracts were 





antibodies, that recognize σ
A
, were used as a loading control (2
nd
 panel). wt: PY79 wild 
type cells; wt
C
: amyE’::spoVID::’amyE.  
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Residues involved in encasement by SafA are important for a direct 
interaction between SafA and SpoVID  
In order to determine whether region E residues that are important 
for encasement by SafA are also required for a direct interaction between 
SafA and SpoVID, we conducted in vitro GST pulldown assays. We 
immobilized each N-terminally GST-tagged variant of SpoVID, as well as GST 
alone, in glutathione beads and incubated the beads with extracts prepared 
from E. coli producing SafA (Fig. 3.5 A). After several washings, proteins 
retained by the beads were resolved by SDS-PAGE and immunoblotted with 
anti-SafA antibodies (Fig. 3.5 B, 1st row). As an antibody specificity control, 
lysates of E. coli producing or not SafA were directly applied in the gel (Fig. 
3.5 B, input material). Also, the membranes were stained with Ponceau Red 
 
 
Figure 3.5 – L125, I127 and I133 are required for a direct interaction with SafA in vitro. A) 
Scheme of the GST pulldown assay. GST-SpoVID variants bound to glutathione beads 
were used as baits and were incubated with extracts of E. coli producing SafA. B) Proteins 
within beads fractions were resolved and immunobloted with anti-SafA antibodies (1
st
 row). 
The membranes were stained with Ponceau Red as a control for the amount of GST-




 rows). As an antibody 
specificity control, we incubated E. coli extracts with or without SafA with the wild type 




 lanes), and we also aplied directly the two cell 




 lanes of the right panel). 
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as a control for the amounts of GST-SpoVID variants or GST bond to 
the beads (Fig. 3.5 B, 2nd and 3rd rows). As expected (Ozin et al., 2000; 
Ozin et al., 2001b; Costa et al., 2006), the wild type SpoVID fused to GST, but 
not GST alone, was able to pull-down SafA from the extracts. Of all the GST-
SpoVID variants, only the ones missing region E or with the substitutions 
L125A, I127A or I133A did not pull-down SafA. This shows that the three 
residues of SpoVID required for encasement by SafA are involved in the 
direct interaction with this protein. The L131A substitution, which impairs 
binding of SpoVID to CotE, also reduces the ability of GST-SpoVID to pull-
down SafA from the extracts. Therefore, this residue has a role in binding to 
SafA as well, but it is not as important as for binding to CotE. Together with 
the data from Chapter 2, we conclude that there are three residues within 
region E (L125, I127 and I133) that are important for the interaction of 
SpoVID with SafA and have a role in encasement by this protein. Of those, 
two are also required for encasement by CotE (L125 and I127), yet only one 
of them (I127) is required for a direct interaction with SpoVID.  
 
Residues in region E required for interaction with SafA have a role in 
anchoring SafA to the spore surface 
  We then investigated the distribution of SafA across the different 
layers of the spore in strains harboring SpoVID variants for which binding to 
SafA was affected in vitro. We purified spores produced by cells expressing 
different spoVID alleles from the amyE locus, as well as wild type spores and 
spores missing safA or cotE as controls. Then, the coat proteins were 
extracted (coat fraction), and the decoated spores were submitted to a 
lysozyme treatment that digests the exposed cortex and is thought to release 
cortex-associated proteins (cortex fraction). Proteins within these spore 
fractions, along with those retained in decoated spores not-digested with 
lysozyme, were resolved by SDS-PAGE and immunobloted for the detection 
of SafA (Fig. 3.6 A, 1st row).  





Figure 3.6 – Substitutions L125A, I127A and I133A increase the extractability of SafA. A) 
Spores produced by cells expressing the various spoVID variants, as well as by wild type 
and safA or cotE null mutant cells, were purified and decoated. The exposed cortex was 
then digested with lysozyme, and proteins within the different spore fractions were 
resolved by SDS-PAGE and immunobloted with anti-SafA (1
st










amyE’::spoVID::’amyE; C: coat fraction; +: cortex fraction submitted to lysozyme treatment; 
-: cortex frsction not digested with lysozyme. B) Model for the localization of SpoVID, SafA 
and CotE within the spore layers. Cr: core; Cx: cortex; Ct: coat. 
 
  
 In spores with the wild type spoVID, either expressed from the native 
locus or from amyE (Fig. 3.6, wt and wtC), the full-length form of SafA was 
detected exclusively in the cortex fraction. The higher molecular weight 
forms visualized may correspond to SafA oligomers or to highly cross-linked 
coat material. Regarding SafAC30, it was present in the coat and in the cortex 
fractions in identical amounts. This form migrates slightly faster in the coat 
fraction, which may be due to processing by the YabG protease (Takamatsu 
et al., 2000a; Takamatsu et al., 2000b) in the coat, but not in the cortex. The 
presence of both forms of SafA in the cortex fraction indicates that they are 
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associated with this layer in mature spores. The SafAN21 form was not 
detected in our assays, suggesting that it is not abundant (or extractable) at 
later stages of spore development. As an indication of the decoating 
efficiency, the bona fide coat protein CotA (Martins et al., 2002) was present 
mainly in the coat fraction (Fig. 3.6 A, 4th row) and no proteins were 
immunologically detected in the decoated spores not digested with 
lysozyme. We were not able to use a specific marker for the cortex, since no 
presently known protein serves this propose.  
In spores with the deletion of region E or with the substitutions 
L125A, I127A or I133A, but not with the substitutions T126A or L131A, SafA 
and SafAC30 are mainly present in the coat fraction (Fig. 3.6 A, 1st row). The 
form of SafA that migrates slightly faster than the full-length in these mutant 
spores may correspond to the full-length form processed by YabG in the coat, 
as happens with SafAC30. Also, in mutant spores where the SafA distribution is 
altered, especially in those expressing spoVID∆E or spoVIDL125A, the total 
amount of the extracted full-length form of SafA was higher than in wild type 
spores. We conclude that alanine substitutions within region E that affect the 
interaction between SafA and SpoVID also increase the extractability of SafA. 
This suggests that residues L125, I127 and I133 in SpoVID are important to 
anchor SafA to the spore surface, presumably via SpoVID, or that the later has 
a key role in allowing proper localization of SafA. In contrast, the SafAC30 form 
was detected in lower amounts in the mutant spores, in line with the idea 
that it requires binding to the full-length form for localization. Additionally, 
in spores with the substitution I133A, we also detected SafA in the decoated 
spores not digested with lysozyme. This reinforces that the effect of this 
substitution in mislocalization of SafA is distinct from the effect of L125A and 
I127A.  
In cotE null mutant spores, both forms of SafA were detected mainly 
in the coat fraction, suggesting that CotE and/or the outer coat are important 
for localization of SafA. However, the substitution L131A, that led to the 
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mislocalization of CotE, did not alter the distribution of SafA. We infer that 
the presence of CotE in this mutant, even if not assembled properly, is 
sufficient for SafA localization. We did not detect CotA in cotE null mutant 
spores, as this protein is CotE-dependent for localization (Fig. 3.6 A, 4th row). 
We further investigated whether alanine substitutions within region 
E also affect the distribution of CotE or SpoVID in the spore layers. The 
incubation of the membranes from the spore fractionation assays with anti-
CotE antibodies revealed that CotE is distributed across all the spore 
fractions (Fig. 3.6 A, 2nd row). Also, deletion of region E or substitutions 
within this region, including L131A, did not interfere with the distribution of 
this protein. Thus, despite the importance of region E in encasement by CotE, 
the effect of its deletion in CotE localization is not as pronounced as for the 
localization of SafA. The absence of SafA did not interfere with the 
distribution of CotE, supporting that CotE and the outer coat do not require 
SafA for localization.  
SpoVID was detected exclusively in the cortex fraction (Fig. 3.6 A, 3rd 
row), suggesting that it is associated with the cortex layer in mature spores. 
Single alanine substitution within region E did not interfere with the 
distribution of SpoVID. We were not able to detect SpoVID∆E in these assays, 
yet it accumulates in sporulating cells (Fig. 3.4). Moreover, SpoVID∆E-CFP 
localizes at the spore surface at least until 6 hours after the onset of 
sporulation (see chapter 2). Possibly, this form of SpoVID is able to localize at 
the surface of the spore, but it is not retained there at later stages. 
 
Region E facilitates binding of SafA and CotE hubs to a second surface in 
SpoVID 
GST pull-down assays showed that region E is required for the 
interactions of SpoVID with SafA and CotE in vitro. Next, we wanted to 
investigate whether this region is sufficient to bind directly both proteins. 
We started by using biotinylated peptides with the sequence of region E to 
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test whether they would compete with GST-SpoVID for binding to SafA or to 
CotE in pulldown assays. Versions of these peptides with substitutions 
corresponding to L125A or L131A in SpoVID, which impair the interaction 
with SafA and CotE, respectively, were used as well. The peptides, at the final 
concentrations of 1, 10 or 100 µM, were incubated with extracts of E. coli 
producing SafA or CotE. Then, the mixtures were added to GST-SpoVID or 
GST alone (as a control for the retention of SafA and CotE) immobilized in 
glutathione beads. After several washings, proteins retained by the beads 
were released, resolved SDS-PAGE and immunobloted for the detection of 
SafA or CotE.  
We observed that the ability of GST-SpoVID to pull down SafA from 
the extracts decreases in the presence of 10 µM peptides with the wild type 
sequence of region E in comparison with a peptide concentration ten times 
lower (Fig. 3.7 A). In some assays, the reduction in the amount of pulled 
down SafA is also visible if comparing the absence of the peptide with the 
presence of 1 µM wild type peptide (as shown in Fig. 3.7 A), yet this is not 
consistent. This indicates that wild type peptides compete with GST-SpoVID 
to bind SafA, and therefore, region E is sufficient for the interaction with 
SafA. However, raising the concentration of the wild type peptides to 100 µM 
resulted in increased binding of SafA to GST-SpoVID, suggesting that higher 
concentrations of these peptides promote the interaction between the two 
proteins in vitro. Peptides with the substitution L125A also reduced the 
amount of SafA pulled down by GST-SpoVID. Thus, they are still able to 
interact with SafA, even with a substitution that reduces binding in the 
context of the full-length protein. Yet, this version of the peptide did not 
promote the interaction between SafA and SpoVID above a certain 
concentration, in line with importance of residue L125 for binding.  
The presence of peptides with the sequence of region E, either wild 
type or with the substitution L131A, did not reduce the amount of CotE 
pulled down from the extracts by GST-SpoVID (Fig. 3.7 B). This suggests that 
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the peptides do not compete with GST-SpoVID for binding to CotE at least 
under our experimental conditions. However, as is the case for SafA, there is 
an increment in the amount of CotE that binds GST-SpoVID in the presence of 
100 µM peptides. The same effect was observed for peptides with the 
substitution L131A, indicating that this residue is not essential to promote
 
 
Figure 3.7 – Region E is sufficient for interaction with SafA and CotE and appears to 
facilitate their binding to a second surface in SpoVID. Peptides with the sequence of region 
E, with or without substitutions corresponding to L125A or L131A in SpoVID, were 
incubated with E. coli extracts producing A) SafA or B) CotE, in the final concentrations of 
1, 10 or 100 µM. The mixtures were incubated with GST-SpoVID or GST immobilized in 
glutathione beads. Proteins within beads fractions were resolved by SDS-PAGE and 
immunobloted with anti-SafA (A) or anti-CotE (B) antibodies (top panels). The membranes 
were stained with Ponceau Red as a loading control for the amounts of GST-SpoVID and 
GST bond to the beads (bottom panels). Mixtures of the peptides (at a final concentration 
of 100 µM) and E. coli extract producing C) SafA or D) CotE were also added to wild type 
GST-SpoVID or to its variants ∆E, L125A or L131A bond to glutathione beads. Again, 
proteins within beads fractions were resolved by SDS-PAGE and immunobloted with anti-
SafA (C) or anti-CotE (D) antibodies (top panels), and Ponceau Red was used for loading 
control (bottom panels). Pep: peptides with the sequence of region E. 
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binding. Altogether, we conclude that region E is sufficient to interact with 
both SafA and CotE, and presumably, that it facilitates binding of either 
protein to SpoVID at high concentrations.  
We also conducted similar GST pulldown assays after incubating the 
peptides with E. coli producing GST-SpoVID extracts instead of with the 
extracts containing SafA or CotE. As we did not observe any difference in the 
amount of SafA or CotE pulled down by GST-SpoVID in these conditions (data 
not shown), we conclude that region E peptides interact directly with SafA 
and CotE, and not with GST-SpoVID.  
Since binding of the peptides to SafA and CotE increases their 
interaction with SpoVID, it is possible that region E somehow promotes 
binding of either hub proteins to a second surface in SpoVID. If so, the 
presence of the region E peptides must bypass the effect of the deletion of 
region E or the L125A/L131A substitutions in impairing SafA and CotE 
binding in vitro. To test this, we incubated cell extracts containing SafA or 
CotE with 100 µM of region E peptides. The mixtures were added to 
immobilized GST-SpoVID versions, either wild type, with the deletion of 
region E or with substitutions L125A or L131A. When SafA was incubated 
with wild type peptides, the protein was not only pulled down by GST-
SpoVID wild type, but also by GST-SpoVID variants that impair binding to 
SafA (Fig. 3.7 C). In the absence of the peptide, or using the peptide with the 
substitution L125A, SafA was not pulled down by the altered versions of GST-
SpoVID. This lends strong support to the interpretation that the wild type 
peptide bypasses the effect of deleting region E or substituting L125 by an 
alanine for the interaction with SafA. In these conditions, GST-SpoVID 
versions missing region E or with the substitution L131A were able to pull-
down CotE from the extracts in the absence of peptides (Fig. 3.7 D), not 
allowing us to test the bypass of the substitution L131A. In any event, this 
reinforces the view that deletion of region E has a more severe effect on the 
interaction with SafA than with CotE. 
Binding of SafA to region E of SpoVID 
 
121 
Residues required for encasement by both SafA and CotE are important 
for coat integrity 
 We further investigated the effect of substitutions that affect 
encasement by SafA or CotE on the subcellular localization of other inner and 
outer coat proteins. We constructed strains with the in-frame deletion of 
spoVID or with the various spoVID alleles and expressing yaaH-gfp or cotM-
gfp. YaaH is an inner coat, SafA-dependent protein whose pattern of 
localization matches the kinetic class I, whereas CotM is a CotE-dependent 
protein from the outer coat, classified as a kinetic class II protein (McKenney 
and Eichenberger, 2012). Strains were grown in sporulation medium, and we 
followed the localization patterns of the fusions. Similarly to SafA-YFP and 
CotE-YFP, YaaH-GFP and CotM-GFP are able to localize in the first targeting 
step in all strains, but encasement was impaired in the spoVID null mutant 
and in spoVID∆E, spoVIDL125A and spoVIDI127A mutant strains (Fig. 3.8; Tables 
3.3 and 3.4). Encasement by CotM-GFP was also blocked by the substitution
 
 
Figure 3.8 – L125 and I127 are required for encasement by A) SafA-dependent inner coat 
and B) CotE-dependent outer coat proteins. Sporulating cells with the various SpoVID 
versions and expressing YaaH-GFP (A) or CotM-GFP (B) were stained with FM 4-64 and 
imaged. A few representative cells are shown for each strain at hour 6. 1
st
 rows: GFP 
signal; 2
nd
 rows: merge between GFP and membranes signals. Scale bar: 1µm. 
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Table 3.3: Quantification of the encasement by YaaH-GFP in strains  
expressing the various spoVID alleles
 a 
 
Hour 2  Hour 4  Hour 6 
 





              
wt   0   82  18    0  17   47   36    6   19  75   0 
∆spoVID   7   93  0    0  100  0  0    83   4  5   8 
∆E   32   68  0    8  89  0  3    73   5  5   17 
L125A   13   87  0    0  100  0  0    85   3  2   12 
I127A   19   81  0    0  100  0  0    84   5  4   7 
L131A   0   82  18    0  24  29   47    11   26  63   0 
I133A   0  100  0    0  48  5   47    37   2  61   0 
a
 The numbers correspond to the percentages of sporulating cells with each of the localization 
patterns of YaaH-GFP represented, at 2, 4 and 6 hour after the onset of sporulation. 
 
 
L131A, likewise CotE-YFP, and I133A causes a delay in encasement by YaaH-
GFP, as also happens with SafA-YFP (Fig. 3.8; Tables 3.3 and 3.4). We 
conclude that alanine substitutions that affect encasement by SafA or CotE 
also affect encasement by at least some of their dependent proteins. 
 
 
Table 3.4: Quantification of the encasement by CotM-GFP in strains  
expressing the various spoVID alleles
 a 
 
Hour 2  Hour 4  Hour 6 
  
 




            
wt   55   41  4    8  18   74   0  10   90 
∆spoVID   44   56  0    7  93  0   0  100  0 
∆E   61   39  0    7  93  0   4  96  0 
L125A   55   45  0    5  95  0   0  100  0 
I127A   50   50  0    6  93  1   0  100  0 
L131A   69   31  0    15  83  2   0  100  0 
I133A   48   46  4    2  20   78   0  17   83 
a
 The numbers correspond to the percentages of sporulating cells with each localization pattern of 
CotM-GFP represented, at 2, 4 and 6 hour after the onset of sporulation. 
 
 
According to this, substitutions that impair encasement by SafA and 
CotE, and consequently by SafA- and CotE-dependent proteins, are likely to 
cause drastic effects in the coat. Therefore, as an indirect measurement of the 
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cortex and coat integrity, we used heat and lysozyme resistance assays in 
strains  with  alanine  substitutions  in  region E  or  with  the  deletion  of this 
region. As controls, we used the wild type strain, a complemented strain 
expressing the wild type spoVID from the amyE locus (wtC), and spoVID, safA 
and cotE null mutant strains. We observed that spores produced by the 
spoVID in-frame deletion mutant are susceptible to heat and lysozyme 
treatments, with approximately 107 resistant spores/mL, compared with 108 
spores/mL for the wild type strain (Table 3.5). The spoVID mutant spores 
previously described were also sensitive to both treatments, although they 
exhibited higher susceptibility to lysozyme (105 resistant spores/mL) (Beall 
et al., 1993). This suggests that pre-existing spoVID null mutants display 
polar effects on genes downstream spoVID. Spores produced by safA and cotE 
null mutants are also sensitive to lysozyme (about 107 resistant spores/mL; 
Table 3.5), in line with previous studies (Costa et al., 2006; Costa et al., 2007). 
However, in strains with substitutions L131A or I133A, that specifically 
affect the encasement by SafA or CotE, respectively, no susceptibility to heat 
or lysozyme was observed. We conclude that the effect of these substitutions 
in the inner and outer coat substructures is not as drastic as the absence of 
SafA  or  CotE.   In  contrast,  strains  missing  region  E  or  with  substitutions  
 
 
Table 3.5: Heat and lysozyme resistant spore counts in mutant strains 
 
Titer of spores (CFU/mL) 
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L125A or I127A, which impair encasement by SafA, CotE and their inner and 
outer coat partners, produce less viable spores (approximately 6×107/mL; 
Table 3.5). Also, the spores produced by these strains are susceptible to 
lysozyme treatment (106 resistant spores/mL), suggesting that L125A and 
I127A drastically compromise the assembly of the coat.   
We then purified and decoated the spores produced by these strains, 
with the exception for the spoVID null mutant, as we did not obtained 
sufficient spores for the assay. The extracted coat proteins were then 
resolved by SDS-PAGE and the gels were stained. As shown in Fig. 3.9 A, the 
profiles of extractable coat proteins from spores expressing spoVID∆E, 
spoVIDL125A or spoVIDI127A are identical and differ from the profile of wild type 
spores. Interestingly, they are also distinct from the profile of extractable 
coat proteins obtained from safA and cotE null mutants. This reinforces the 
view that the coat is significantly altered, but still present, in mutant spores 
missing region E or with substitutions L125A or I127A. However, the 
phenotypes did not match the ones exhibited by safA or cotE null mutants. 
As we were able to extract coat proteins from mutant spores where 
encasement is impaired, we aimed at investigated the subcellular localization 
of SafA-YFP and CotE-CFP fusions in these mutants at later stages of 
sporulation. We constructed strains missing spoVID or with spoVID variants 
that affect encasement, and expressing simultaneously safA-yfp and cotE-cfp. 
Cells were grown in sporulation media for 18 hours and imaged (Fig. 3.9 B). 
In strains with the deletion of region E or with substitutions L125A or I127A, 
but not in those with L131A or I133A, there was an accumulation of phase-
dark material in the mother cell cytoplasm, similarly to the phenotype of the 
spoVID null mutant. In these cells, the YFP and CFP signals were commonly 
dispersed into the mother cell cytoplasm, although we found some cells in 
which the fluorescent signals were solely at the MCP pole of the spore. It is 
possible that the phase-dark material observed, presumably corresponding 
to misassembled coat proteins, could be purified with the mutant spores, 
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resulting in the profiles of coat proteins showed below (Fig. 3.9A). We also 
observed that in spoVIDL131A mutant cells, SafA-YFP encircles the spore as 
previously described, but the polar caps and rings are often asymmetrical 
 
Figure 3.9 – The phenotypes of L125A and L127A mutant cells resemble the spoVID null 
mutant. A) Spores produced by strains with the various spoVID alleles, as well as safA 
and cotE null mutant spores, were decoated and proteins within coat fractions were 
resolved by SDS-PAGE. Red arrows indicate some of the protein bands that are different 
in comparison to wild type spores. wt
C
: ∆spoVID, amyE’::spoVID::’amyE. B) Cells 
expressing spoVID variants and both SafA-YFP and CotE-CFP fusions were grown in SM 
medium and imaged 18 hours after the onset of sporulation. A few representative cells are 
shown for each strain. Red arrows point at the accumulation of phase-dark material in the 
mother cell. 1
st
 column: phase contrast; 2
nd
 column: SafA-YFP; 3
rd
 column: CotE-CFP. 
Scale bar: 1µm. C) Transmission electron microscopy images of wild type (wt) and spoVID 
mutant sporangia. Red arrows point at the spore surface, and yellow and blue arrows point 
the inner and the outer coat. Scale bar: 0.5 µm. 
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and diffuse comparing to those from wild type spores. This is consistent with 
the pull-down assays that showed that L131A reduces the interaction 
between SafA and SpoVID in vitro. The effect of this substitution in 
encasement by CotE was also detected, as CotE-CFP localizes mainly as one 
cap on the MCP pole of the spore and one dot or a small, diffuse cap at the 
opposite pole. In cells expressing spoVIDI133A, CotE-CFP encircles the spore, in 
line with previous data (Chapter 2), yet SafA-YFP does not. The more severe 
effect of I133A in encasement by SafA-YFP in this background may be due to 
a synergistic effect with a functionally impaired CotE-CFP fusion. 
Altogether, these results suggest that the phenotypes of L125A and 
I127A mutant cells resemble the spoVID null mutant. As a final test to this 
idea, we analysed these mutant strains by transmission electron microscopy 
(Fig. 3.9 C). Indeed, in spoVID∆E, spoVIDL125A and spoVIDI127A mutants, the inner 
and the outer coat are detached from the spore surface, as in the spoVID null 
mutant. Thus, the L125A or I127A substitutions phenocopy a spoVID deletion 
mutation. 
 
A mislocalized inner coat acts as an attractor for the outer coat 
We have shown that residues L125 and I127 of SpoVID are required 
for encasement by both SafA and CotE. Substituting L127 for an alanine, 
binding of SafA and CotE to SpoVID were reduced; however, the substitution 
L125A only affects the interaction with SafA. This suggests that encasement 
by CotE may require proper assembly of SafA. In contrast, residue L131 is 
important for a direct interaction with CotE and encasement by this protein, 
and its substitution for an alanine does not interfere with encasement by 
SafA, indicating that SafA does not need CotE to localize. To test this, we 
analyzed the deposition of SafA-YFP and CotE-CFP in cotE and safA null 
mutants, respectively, along sporulation (Fig. S2 of Appendices; Table 3.6). 
Until 6 hours after resuspension, the localization of these fusions in null 
mutant strains resembles the wild type, showing that SafA and CotE do not 
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depend on each other for targeting or encasement. However, at later stages, 
the percentage of sporulating cells in which SafA-YFP forms a complete ring 
around the spore is lower in the cotE null mutant (43%, comparing to 66% 
for the wild type, at hour 8), and those rings are diffuse and asymmetric. This 
suggests that CotE and/or the outer coat are important to restrict SafA and 
the inner coat around the spore at later stages of sporulation. 
 
 




 Hour 2  Hour 4  Hour 6  Hour 8 
       
 
 






wt 96  25 61 13  38 57  16 66 
∆cotE 92  26 51 21  45 43  23 43 
             
CotE-CFP 
wt 72  25 74 0  95 0  89 0 
∆safA 81  22 75 0  88 0  95 0 
b
 The numbers correspond to the percentages of sporulating cells in which SafA-YFP or CotE-
CFP localize as each represented pattern, at 2, 4, 6 and 8 hours after the onset of sporulation.  
 
 
Similar assays were then conducted with strains missing spoVID or 
with the various spoVID alleles, and expressing both safA-yfp and cotE-cfp 
(Fig. 3.10; Fig. S2 of Appendices). The localization patterns of SafA-YFP and 
CotE-CFP were imaged and compared in individual cells along sporulation, as 
shown in Table 3.7. To facilitate data analysis, we grouped the localization 
patterns in three major classes for each fusion: fluorescent signal exclusively 
in the MCP pole (1P), in both poles (2P), or dispersed in the mother 
cytoplasm (D). The subcellular localization of SafA-YFP and CotE-CFP in wild 
type and mutant cells was consistent with our previous results (Fig. 3.3 and 
Fig. S1 of Appendices; Chapter 2), with the exception that, in this background, 
encasement by SafA-YFP is blocked in the spoVIDI133A mutant, as discussed 
above (Fig. 3.9 C). The dynamics of deposition of SafA-YFP and CotE-CFP are 
very similar, supporting that both fusions exhibit class II kinetics. At later 
stages of sporulation (hours 6 and 8), some of the cells expressing spoVID∆E, 






Figure 3.10 – Subcellular localization of SafA-YFP and CotE-CFP along sporulation in 
strains expressing the various spoVID alleles. A) Cells were grown in SM medium, stained 




 panels show a few representative 
cells 2 and 8 hours after resuspension. 1
st
 columns: SafA-YFP; 2
nd
 columns: CotE-CFP; 
3
rd
 columns: merge between YFP, CFP and membranes/phase-contrast signals. Scale 
bar: 1 µm. B) Charts representing the percentage of sporulating cells with dispersed SafA-
YFP (filled circles) or CotE-CFP (empty circles) signals along sporulation. C) 3D intensity 
graphs of the distribution of SafA-YFP (1
st
 row) and CotE-CFP (2
nd
 row) signals, for 
representative wild type (left panel) and spoVID∆E (right panel) cells, along sporulation. 
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spoVIDL125A or spoVIDI127A exhibited fluorescence signals dispersed in the 
mother cell cytoplasm (Fig. 3.10 A; Table 3.7). The simultaneous analysis of 
YFP and CFP signals showed that CotE-CFP was exclusively dispersed in cells 
in which SafA-YFP was also dispersed (at hour 8, 53% for spoVID∆E, 25% for 
spoVIDL125A and 35% for spoVIDI127A mutants). In contrast, there were cells in 
which only SafA-YFP was dispersed in the mother cell cytoplasm, while CotE-
CFP remained localized as a cap at the MCP pole (Fig. 3.10 B; Table 3.7). This 
suggests that SafA disperses in the mother cell cytoplasm of these mutants 
earlier that CotE. Therefore, it is possible that CotE may be dragged by the 
mislocalized SafA and/or the inner coat components, which would explain 
the mislocalization of CotE in cells expressing spoVIDL125A.  
 
 
Table 3.7: Quantification of encasement by SafA-YFP and CotE-CFP 














No 1P 1P 2P  1P 2P  1P 2P  1P 2P  1P D  1P 2P  1P 2P D 1P 2P D 
wt  24 72  25 0  0 74  5 0  0 95  0 0  0 0  0 82 0  0 7 0 
∆spoVID  13 83  98 0  0 0  59 0  0 0  7 31  79 0  0 0 0  10 0 7 
∆E  10 88  99 0  0 0  87 0  0 0  7 6  27 0  0 0 0  16 0 53 
L125A  4 91  100 0  0 0  90 0  0 0  5 5  55 0  0 0 0  16 0 25 
I127A  6 92  100 0  0 0  88 0  0 0  6 1  49 0  0 0 0  10 0 35 
L131A  14 79  32 0  58 0  3 0  92 0  0 2  0 0  78 0 9  0 0 10 
I133A  3 94  28 70  0 0  9 79  0 3  0 0  0 65  0 17 0  0 3 2 
c
 The numbers represent the percentages of sporulating cells in which SafA-YFP or CotE-CFP 
localize exclusively at the MCP pole (1P), at both poles of the spore (2 caps or complete ring – 2P), or 
dispersed in the mother cell cytoplasm (D), at 2, 4, 6 and 8 hours after the onset of sporulation. No: 
absence of fluorescent signal. 
 
 
We represented three-dimensionally the distribution of YFP and CFP 
signals in several sporulating cells and compare the patterns of 
(mis)localization along sporulation. As exemplified by the intensity graphs 
for representative wild type and spoVID∆E mutant cells (Fig. 3.10 C), when 
both SafA-YFP and CotE-CFP are dispersed in the mother cell, the patterns of 
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YFP and CFP signals commonly overlap. This is in agreement with the 
hypothesis that mislocalized SafA and/or inner coat proteins act as an 
attractor for CotE. Thus, even knowing that assembly of the inner and the 
outer coat are largely independent, there is a tight connection between the 
two structures. SafA and the inner coat may facilitate the localization of CotE 
and the outer coat, and when mislocalized can act as an attractor, while CotE 
and the outer coat help restricting SafA and the inner coat to the surface of 





In this study, we aimed at understanding the mechanism by which 
the N-terminal domain of SpoVID governs spore encasement. In Chapter 2, 
we showed that region E, within this domain, is required for encasement by 
all the spore coat layers. We focused our studies on the hub protein for the 
outer coat assembly, CotE, and demonstrated that region E is important for 
its binding to SpoVID, which is a critical interaction for encasement by CotE 
and its partners. We further identified three residues within region E that are 
essential for encasement by CotE (L125, I127 and L131), and showed that 
two of them (I127 and I131) are required for the interaction between CotE 
and SpoVID (de Francesco et al., 2012) (Fig. 3.11). Since the hub protein for 
the inner coat assembly, SafA, binds to the N-terminal region of SpoVID, we 
aimed at investigating if this interaction also involves region E. 
We started by constructing a new strain expressing safA-yfp in order 
to overcome the functionality problems associated with previous fluorescent 
fusions of SafA. This allowed us to show that SafA-YFP has a pattern of 
deposition at the spore surface consistent with the coat proteins from kinetic 
class II, which is supported by the similarities with the localization pattern of 
CotE-CFP. It was previously suggested that SafA may be a class I protein, as it 
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directly interacts with the class I protein SpoVID and at least two SafA-
dependent proteins, YaaH and YuzC, belong to class I (McKenney and 
Eichenberger, 2012). However, CotE is a class II protein and also binds 
SpoVID. Our data supports that at least the localization of YaaH-GFP matches 
kinetic class I, which could be explained by the existence of localization 
determinants other than SafA for this protein. In fact, YaaH has two LysM 
motifs (that typically bind glycans) at the N-terminus that are sufficient for 
localization of a β-lactamase at the spores (Kodama et al., 2000) and one 
possibility is that these domains, together, contribute to the initial 
localization of YaaH. LysM domains are often repeated (Buist et al., 2008), 
increasing the affinity for the peptidoglycan. In contrast to YaaH, SafA only 
has one LysM domain. Further work is required to test the role of the LysM 
domains of both YaaH and SafA in the kinetics of assembly. 
 
 
Figure 3.11 – Specific residues 
within region E are important 
for encasement by SafA and 
CotE hubs. Encasement by 
CotE and outer coat proteins 
requires L125, I127 and L131, 
and of those, I127 and L131 (in 
blue) are involved in a direct 
interaction with CotE. L125, 
I127 and I133 (in yellow) are 
important for binding to SafA. 
Substitutions L125A and I127A 
impair encasement by SafA 
and inner coat proteins, while 
I133A only delays it.  
 
 
Using the new SafA-YFP fusion, we were able to show that region E is 
a prerequisite for encasement by SafA. Among the 12 residues that compose 
this region, we found two (L125 and I127) that are essential for encasement 
by SafA and SafA-dependent inner coat proteins. Interestingly, these two 
residues are also important for encasement by CotE and the outer coat. 
Residue I133 has a role in encasement by SafA as well, but its substitution 
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does not completely block the mechanism (Fig. 3.11). GST pulldown assays 
showed that the three residues that are involved in encasement by SafA are 
also required for its binding to SpoVID, linking the encasement by the inner 
coat to a specific protein-protein interaction. Together with the results from 
Chapter 2, we are able to state that encasement by both inner and outer coat 
substructures relies on interactions of their hubs (SafA and CotE) to the 
encasement protein SpoVID, and that these interactions require the same 
region in SpoVID. Moreover, spore fractionation assays showed that binding 
of SafA to SpoVID involving region E residues is not only important for the 
encasement by SafA, but also for its retention at the spore surface.  
Experiments with peptides revealed that region E binds directly SafA 
and CotE and is sufficient for the interactions. In lower concentrations, the 
peptides with the sequence of region E compete with GST-SpoVID to bind 
SafA in vitro. As we did not detect competition between the peptides and 
GST-SpoVID for CotE binding, we infer that SpoVID has a second region of 
interaction with CotE. This is supported by the work of Qiao et al. (Qiao et al., 
2013), as they showed that the N terminus of SpoVID is dispensable to bind 
CotE in vitro. Additionally, high concentrations of the region E peptides led to 
an increment in the amount of SafA and CotE retained by GST-SpoVID. 
Therefore, it is likely that region E facilitates binding of SafA and CotE to a 
second surface in SpoVID in vitro. In fact, we showed that the wild type 
peptides bypass the need of region E for SafA interaction with SpoVID. Since 
putative bindings of SafA and CotE to the second surface in SpoVID only 
occurs at high concentrations of region E peptides, we propose a model for 
the interaction of SpoVID with the hubs for inner and outer coat in vivo in 
which region E interacts with two different surfaces in SafA and in CotE (Fig. 
3.12). Initially, region E binds preferentially one of these surfaces, possibly 
owing to a higher affinity. This first interaction may have a role in 
recruitment (together with SpoIVA) or proper positioning of SafA and CotE at 
the surface of the developing spore. Then, the region E of an adjacent SpoVID 
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protein binds to the second region of interaction in SafA or CotE, allowing 
their shuttling to another surface in SpoVID. This would lead to the migration 
of SafA and CotE around the spore in the second wave of encasement. It is 
possible that the second interaction with region E induces conformational 
changes in SafA and CotE that are required for the interaction with the 
second region in SpoVID. However, in the case of CotE, it remains to be 
verified if it requires a second interaction with region E for binding to 
another SpoVID surface, as we did not observe a reduction in the interaction 
of CotE with GST-SpoVID in the presence of region E peptides. Also, we 
cannot exclude the possibility that the isolation of region E from the context 
of the full-length protein, as well as the high peptide concentrations used in 
the assay, may result in a different behavior of this region in vitro.  
 
 
Figure 3.12 – Model for the interaction between SpoVID and the hubs for inner and outer 
coat, SafA (yellow, top panel) and CotE (blue, botton panel). A) Targetting of SafA and 
CotE to the spore surface requires SpoIVA (white).Then, SafA and CotE interact with 
SpoVID via region E (pink circles). B) A second interaction with the region E from an 
adjacent SpoVID molecule triggers a conformational change that C) promotes binding of 
SafA and CotE to another region of SpoVID. This allows spore encasement by SafA and 
CotE. D) SafA recruits SafAC30 to the spore surface, which presumably functions as the 
hub for the inner coat components. SafA, SafAC30 and CotE encircle the spore, and along 
the process they drive encasement by the inner and the outer coat components. 
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According to this model, SafA and CotE interact with region E in a 
transient manner and then they bind a second region in SpoVID. This may be 
the reason why we did not detect evidences of competition between the two 
hubs to bind SpoVID in vitro or in vivo (data not shown), even though the 
region E residues involved in their binding are in close proximity, and at least 
one (I127) is important for interaction with both proteins. Moreover, the 
existence of a region other than E in SpoVID that binds SafA and CotE may 
explain why the subcellular localization of SafA-YFP differs in spoVID null 
mutant cells and in cells with the deletion of region E.  
Another important finding was that alanine substitutions that impair 
encasement by both SafA and CotE (L125A or I127A), and consequently by 
the inner and the outer coat, drastically affect coat integrity. In sporulating 
cells with these substitutions or with the deletion of region E, the inner and 
the outer coat are detached from the spore surface, similarly to the 
phenotype exhibited by the spoVID null mutant. Consequently, mutant spores 
have an altered coat composition and are susceptible to lysozyme. Moreover, 
the percentage of viable spores produced by these mutants is smaller 
comparing to the wild type. We infer that the presence of this non-fully 
functional forms of SpoVID, although localizing as the wild type, result in a 
more severe effect in the viability of the spores than the absence of SpoVID. 
This is supported by the lower number of cells with mislocalized SafA-YFP in 
the spoVID null mutant comparing to cells with the deletion of region E. 
 We also found that in the absence of CotE there is a deficiency in the 
retention of SafA-YFP at the spore surface at later stages. Indeed, spore 
fractionation showed that SafA distribution across the spore layers is 
affected by the absence of CotE. CotE-CFP localizes properly in the absence of 
SafA, but alanine substitutions that impair encasement by SafA (L125A and 
I127A) also blocked encasement by CotE, even if they do not interfere with 
the interaction between CotE and SpoVID (L125A). In mutant cells where 
SafA and CotE are dispersed in the mother cell cytoplasm, the patterns of 
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SafA and CotE mislocalization commonly match. Thus, we infer that the 
presence of SafA is not required for CotE and outer coat assembly, but a 
mislocalized SafA and/or inner coat functions as an attractor for CotE. 
Altogether, these results suggest that, even though the inner and the outer 
coat assembly modules are essentially independent, the two structures are 
tightly associated.  
This work contributes to the general model of coat assembly 
suggested in Chapter 2. We provide additional evidence that inner and outer 
coat encasement is driven by protein-protein interactions. Also, we revealed 
a role for specific region E residues in encasement and in the overall integrity 
of the coat, and in doing so, we provide evidence for a tight interconnection 
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Bacterial spores are encased by two protective layers: the innermost 
cortex, composed of peptidoglycan, and the proteinaceous coat, subdivided 
into the basement layer, the inner coat, the outer coat and the crust. SafA is 
the morphogenetic protein that governs recruitment and assembly of the 
inner coat components, and localizes at the cortex/coat interface. Here, we 
analyzed the role of the peptidoglycan-binding LysM domain in the 
localization and function of SafA during spore morphogenesis. We found that 
alanine substitutions in conserved, surface-exposed residues of this domain 
affect its ability to bind purified peptidoglycan in vitro and cause 
mislocalization of SafA-YFP. Two of these substitutions affect the deposition 
of SafA-YFP at earlier stages of encasement, increase SafA extractability, and 
cause mislocalization of at least one SafA-dependent inner coat protein. The 
other three substitutions affect the localization SafA at later stages of spore 
development. Moreover, the late localization of SafA requires the cortex, 
suggesting a link in the assembly of the cortex and the coat. We propose a 
model in which both the interactions with SpoIVA and SpoVID (via region A), 
as well as peptidoglycan recognition (via LysM domain), are required for the 
subcellular localization and function of SafA. Finally, our results suggest that 
the LysM domain of SpoVID, a morphogenetic protein required for spore 
encasement by coat proteins, does not recognize peptidoglycan in the same 
conditions of the LysM domain of SafA. This bears implications for the 









In response to adverse conditions, B. subtilis cells are able to undergo 
a differentiation process that culminates with the formation of a spore. 
Spores can persist under a variety of stresses, including heat, noxious 
chemicals, radiation and predators (Nicholson et al., 2000; Nicholson, 2002; 
Nicholson et al., 2002; Klobutcher et al., 2006; Setlow, 2006). The resilience 
of these structures is in part related to the physical and chemical properties 
of the two main protective layers that encase them: the outermost 
proteinaceous coat, and the underlying cortex, composed of peptidoglycan 
(Driks, 1999; de Hoon et al., 2010). 
Spore formation begins with an asymmetric cell division that yields a 
smaller forespore, which develops into a mature spore, and a larger mother 
cell (Errington, 2003). Soon after polar division, the mother cell engulfs the 
forespore in a mechanism that requires controlled synthesis and hydrolysis 
of peptidoglycan by sporulation-specific enzymes (Abanes-De Mello et al., 
2002; Chastanet and Losick, 2007; Gutierrez et al., 2010; Meyer et al., 2010; 
Morlot et al., 2010). First, the peptidoglycan within the division septum is 
thinned, starting from the center of the septal plate (Holt et al., 1975; 
Chastanet and Losick, 2007). Then, as the engulfing membranes move 
forward, new peptidoglycan is synthesized at the leading edges of the 
membranes, while the old cross-links to the mother cell wall are hydrolyzed 
on the back side (Abanes-De Mello et al., 2002; Meyer et al., 2010; Tocheva et 
al., 2013). Engulfment is concluded through membrane fusion near the 
mother cell distal pole, releasing the forespore, surrounded by two 
membranes, into the mother cell cytoplasm (Errington, 2003). 
The space between the forespore membranes is the site of assembly 
of two peptidoglycan layers. The innermost one, and the first being 
synthesized (Meador-Parton and Popham, 2000; Vasudevan et al., 2007), is 
the primordial germ cell wall. This layer has structural similarities with the 
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vegetative cell wall, consisting of glycan strands of alternating N-
acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc) residues, 
cross-linked by short peptide side chains attached to MurNAc (Tipper and 
Linnett, 1976). Indeed, it serves as the initial cell wall of the outgrowing cells 
after germination (Santo and Doi, 1974; Atrih et al., 1998). The primordial 
germ cell wall is encased by the cortex, synthesized from mother cell 
precursors after engulfment completion (Vasudevan et al., 2007). It is 
composed of a modified form of peptidoglycan with approximately half of the 
MurNAc residues substituted by muramic δ-lactam, a reduced peptide side 
chains content, and no teichoic acids (Warth and Strominger, 1969, 1972; 
Popham, 2002).  
The coat is synthesized at the surface of the outer forespore 
membrane and comprises up to 80 different proteins arranged into 4 
sublayers: the basement layer, the inner coat, the outer coat and the crust. 
Coat assembly begins as soon as the asymmetric septum starts to curve and 
proceeds for several hours through the expression of several temporal 
classes of mother cell-specific genes (Henriques and Moran, 2007). Initially, 
coat proteins deposit into a scaffold cap, and then they encase the spore in 
successive waves (McKenney et al., 2010; McKenney and Eichenberger, 
2012; McKenney et al., 2013) (see “Successive waves of encasement during 
coat morphogenesis”, in Chapter 1). A group of so-called morphogenetic 
proteins play a key role in these two processes. Among those, SpoIVA is 
essential for the initial targeting of coat proteins, while SpoVM and SpoVID 
are required for spore encasement (Wang et al., 2009). Also, SafA and CotE 
are involved in inner and outer coat proteins assembly, respectively (Zheng 
et al., 1988; Takamatsu et al., 1999; Kim et al., 2006) (see “Two step of coat 
assembly: targeting and encasement”, in Chapter 1).  
Morphogenesis of the cortex and the coat are considered essentially 
independent processes. This idea stems primarily from electron microscopy 
characterization of mutants lacking either the cortex or the coat. For 
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example, in spoVID null mutant spores, the coat fails to assemble, yet the 
cortex is formed (Beall et al., 1993). In contrast, spoVE mutants produce 
spores with an apparently normal coat, but fail to form the cortex (Piggot and 
Coote, 1976; Henriques et al., 1992; Vasudevan et al., 2007). However, the 
work of(Ebmeier et al., 2012)revealed that formation of the cortex requires 
initiation of coat assembly. 
Morphogenetic coat proteins SpoVID and SafA carry LysM motifs, 
which typically bind peptidoglycan and related compounds. This, together 
with the localization of these proteins at the cortex/coat interface in matures 
spores (Driks et al., 1994; Ozin et al., 2000), as well as their association with 
the spore cortex (see Chapter 3), prompted speculations that they could 
provide anchor points to the underlying cortex (Ozin et al., 2000; Ozin et al., 
2001a; Ozin et al., 2001b). Supporting this hypothesis, the LysM module of 
another coat protein, YaaH, is sufficient to direct a β-lactamase to the spore 
surface (Kodama et al., 2000). In SpoVID, the LysM domain (henceforth 
LysMSpoVID) is located at the C terminus and is part of a localization signal that 
also includes the SpoIVA-binding region A (Wang et al., 2009). Both 
components are essential for SpoVID localization, although region A appears 
to play a more significant role (Wang et al., 2009). The LysM domain of SafA 
(herein LysMSafA) is located at the N terminus and is followed by a region, also 
named A, that interacts with SpoVID and is required for localization (Ozin et 
al., 2000; Costa et al., 2006). Therefore, in an analogy with SpoVID, it is 
possible that the LysM domain of SafA would be part of a localization signal 
together with region A, perhaps acting as a peptidoglycan recognition 
module.  
LysM motifs are found singly or repeatedly in eukaryotic, prokaryotic 
and viral proteins. They consist of 44 to 65 amino acid residues (Buist et al., 
2008) that generally adopt a βααβ fold, with the two α-helices packed against 
one side of a two-stranded antiparallel β-sheet (Bateman and Bycroft, 2000; 
Bielnicki et al., 2006). Several studies shown that they recognize 
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peptidoglycan and/or chitin (Andre et al., 2008; Ohnuma et al., 2008; 
Yamamoto et al., 2008; Iizasa et al., 2010; Willmann et al., 2011; Liu et al., 
2012; Sanchez-Vallet et al., 2013; Mesnage et al., 2014; Leo et al., 2015), or 
even nodulation (Nod) factors produced by nitrogen fixing bacteria (Mulder 
et al., 2006; Broghammer et al., 2012). At least some LysMs recognize the 
common GlcNAc sugar present in these compounds (Ohnuma et al., 2008; 
Mesnage et al., 2014), but binding appears to be modulated by other cell wall 
components that serve as specific discriminants between different types of 
peptidoglycan, chitin and Nod factors (Steen et al., 2003; Andre et al., 2008; 
Yamamoto et al., 2008; Mesnage et al., 2014; Leo et al., 2015). Also, the 
number of GlcNAc units within glycan strands influences the recognition by 
LysM (Ohnuma et al., 2008; Iizasa et al., 2010; Liu et al., 2012; Mesnage et al., 
2014).  
 In this study, we addressed the role of the LysM domain in 
localization and function of SafA. We identified conserved, surface-exposed 
LysM residues required for SafA-YFP subcellular localization and for 
peptidoglycan recognition in vitro. Also, we provide evidence that late 
localization of SafA requires the cortex, suggesting a link in the assembly of 
the cortex and the coat. We propose a model for SafA localization that 
includes interactions with SpoIVA and SpoVID (via region A), as well as 
peptidoglycan recognition (via LysM domain). Finally, we found that the 
LysM domain of SpoVID does not recognize peptidoglycan in the same 




MATERIALS AND METHODS  
 
Bacterial strains, media and general methods  
DNA manipulation and other molecular methods were performed 
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using standard protocols. B. subtilis strains used in this study are congenic 
derivatives of the wild-type strain MB24 (trp2 metC3). Escherichia coli DH5α 
was used for molecular cloning and for overproduction of StrepTagII fusion 
proteins, except for LysMSpoVID-StrepTagII, that was expressed in E. coli 
BL21(DE3). Maintenance and growth of E. coli and B. subtilis was performed 
in Luria-Bertani medium (LB) with antibiotic selection when needed. 
Sporulation was induced by growth and nutrient exhaustion in Difco 
sporulation medium (DSM), except for microscopy experiments, where it 
was performed resuspension in Sterlini-Mandelstam sporulation medium 
(SM) (Sterlini and Mandelstam, 1969). All strains used in this study are listed 
in Table 4.1, and plasmids and oligonucleotide primers required for their 




Table 4.1: Bacterial strains used in this study 
Strains Relevant properties Source 
   
B. subtilis   
MB24 trp2 metC3, Spo+ Lab. stock 
AH4745 trp2 metC3 ΔsafA::safA, Spr Nmr  This study 
AH4746 trp2 metC3 ΔsafA::safAD10A, Spr Nmr  “ 
AH4747 trp2 metC3 ΔsafA::safAS11A, Spr Nmr  “ 
AH4748 trp2 metC3 ΔsafA::safAL12A, Spr Nmr  “ 
AH4749 trp2 metC3 ΔsafA::safAN30A, Spr Nmr  “ 
AH4750 trp2 metC3 ΔsafA::safAI39A, Spr Nmr  “ 
AH10297 trp2 metC3 ΔsafA ΔamyE::cm “ 
AH10302 trp2 metC3 ΔsafA, amyE’::safA::’amyE Neor “ 
AH10555 trp2 metC3 ΔsafA, amyE’::safAD10A::’amyE Neor “ 
AH10556 trp2 metC3 ΔsafA, amyE’::safAS11A::’amyE Neor “ 
AH10557 trp2 metC3 ΔsafA, amyE’::safAL12A::’amyE Neor “ 
AH10558 trp2 metC3 ΔsafA, amyE’::safAN30A::’amyE Neor “ 
AH10561 trp2 metC3 ΔsafA, amyE’::safAI39A::’amyE Neor “ 
AH10487 trp2 metC3 ΔsafA, amyE’::safA-yfp::’amyE Neor “ 
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Table 4.1: Bacterial strains used in this study (cont.) 
Strains Relevant properties Source 
   
AH10562 trp2 metC3 ΔsafA, amyE’::safAD10A-yfp::’amyE Neor This study 
AH10563 trp2 metC3 ΔsafA, amyE’::safAS11A-yfp::’amyE Neor “ 
AH10564 trp2 metC3 ΔsafA, amyE’::safAL12A-yfp::’amyE Neor “ 
AH10565 trp2 metC3 ΔsafA, amyE’::safAI39A-yfp::’amyE Neor “ 
AH10566 trp2 metC3 ΔsafA, amyE’::safAN30A-yfp::’amyE Neor “ 
AH5429 trp2 metC3 ΔsafA, amyE’::safA-yfp::’amyE, ΔspoVE::tet Neor " 
AH5430 trp2 metC3 ΔsafA, amyE’::safAD10A-yfp::’amyE , ΔspoVE::tet Neor “ 
AH5431 trp2 metC3 ΔsafA, amyE’::safAS11A-yfp::’amyE , ΔspoVE::tet Neor “ 
AH5432 trp2 metC3 ΔsafA, amyE’::safAL12A-yfp::’amyE , ΔspoVE::tet Neor “ 
AH5433 trp2 metC3 ΔsafA, amyE’::safAN30A-yfp::’amyE , ΔspoVE::tet Neor “ 
AH5434 trp2 metC3 ΔsafA, amyE’::safAI39A-yfp::’amyE , ΔspoVE::tet Neor “ 
AH4835 trp2 metC3 ΔsafA::sp ΔcotD::cotD-gfp Spr Cmr “ 
AH4836 trp2 metC3 ΔsafA::safA ΔcotD::cotD-gfp Spr Nmr Cmr “ 
AH4837 trp2 metC3 ΔsafA::safAD10A ΔcotD::cotD-gfp  Spr Nmr Cmr “ 
AH4838 trp2 metC3 ΔsafA::safAS11A ΔcotD::cotD-gfp   Spr Nmr Cmr “ 
AH4839 trp2 metC3 ΔsafA::safAL12A ΔcotD::cotD-gfp   Spr Nmr Cmr “ 
AH4840 trp2 metC3 ΔsafA::safAN30A ΔcotD::cotD-gfp   Spr Nmr Cmr “ 
AH4841 trp2 metC3 ΔsafA::safAI39A ΔcotD::cotD-gfp   Spr Nmr Cmr “ 
AH4856 trp2 metC3  yycR::PsspE-cfp “ 
AH4857 trp2 metC3 ΔspoVE::tet  yycR::PsspE-cfp “ 
   
E. coli   
DH5α F– Φ80lacZΔM15 Δ(lacZYA-argF) U169 recA1 endA1 hsdR17 (rK–, 
mK+) phoA supE44 λ– thi-1 gyrA96 relA1 
Invitrogen 
BL21 F– dcm ompT hsdS(rB– mB–) gal λ(DE3) Promega 
AH4504 DH5α /pTC182 Ampr This study 
AH4505 DH5α /pAI1 Ampr “ 
AH4506 DH5α /pAI2 Ampr “ 
AH4507 DH5α /pAI3 Ampr “ 
AH4508 DH5α /pAI4 Ampr “ 
AH4509 DH5α /pAI5 Ampr “ 
AH4520 DH5α /pTC178 Ampr “ 
AH4522 DH5α /pAI12 Ampr “ 
AH5104 BL21(DE3)/ pFN45 Ampr “ 
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B. subtilis strains expressing safA alleles 
 We constructed strains expressing the various safA alleles from the 
native locus. First, an amplicon with the 3’ terminus of safA and the coding 
sequence of gfpmut2 (amplified from pEA18, a gift from Alan Grossman) was 
generated by SOE-PCR. The amplicon was digested with Smal and NotI, and 
cloned into the same sites of pBEST501 (Itaya et al., 1989), yielding pTC207. 
This vector was then used as a template to insert the alanine substitutions 
D10A, S11A, L12A, N30A or I39A in safA-gfp through QuickChange site-
directed mutagenesis, with the pairs of primers listed in Table A7. gfp was 
removed from the resulting plasmids, as well as from pTC207, by digestion 
with pfIMI and EcoRI, and substituted by the 3’ terminus of safA, generating 
pFP2-pFP7. Finally, AOB68 safA null mutant cells (Ozin et al., 2000) were 
transformed with each of this vectors, creating strains AH4745-AH4750.  
We also constructed strains with the in-frame deletion of safA and 
expressing safA alleles from the non-essential locus amyE. By SOE-PCR, we 
obtained a DNA fragment containing the safA coding sequence with an in-
frame deletion that eliminates residues 46 – 249, as well as safA flanking 
regions (see detailed description in Chapter 3). The fragment was digested 
with SalI and EcoRI and cloned into the same sites of pUC18 (New England 
Biolabs), yielding pCF72. Then, B. subtilis cells were co-transformed with 
pDG364 (Cutting and Vander Horn, 1990) and pCF72 to create a safA null 
mutant strain bearing the chloramphenicol resistance cat gene at amyE 
(AH10297). The presence of the in-frame deletion in safA was confirmed by 
PCR and supported by the lysozyme sensitivity of the cells (Nicholson and 
Setlow, 1990). Then, the vector pCF75, a derivative of pMLK83 (Karow and 
Piggot, 1995) with the safA coding sequence and its flanking regions 
bordered by 5’ and 3’ regions of amyE, was used as template for insertion of 
single alanine substitutions in the LysM domain of SafA by site-directed 
mutagenesis, using the pairs of primers listed in Table A7 of the Appendices. 
The resulting vectors, (pCF181–185) as well as pCF75, were transferred to 
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the safA null mutant AH10297, creating strains AH10302, AH10555–10558 
and AH10561.  
 
B. subtilis strains expressing fluorescent fusions 
To obtain strains expressing the various safA-yfp alleles, we digested 
the vector pCF149, containing safA-fl3-yfp fusion (see detailed description in 
Chapter 3), with HindIII and BamHI. A DNA fragment with the terminus of 
safA followed by the linker fl3 and yfp was released and inserted in the same 
cloning sites of pCF181–185, yielding vectors pCF186–190. These vectors, as 
well as pCF149, were then used to substitute the cat gene for the safA-fl3-yfp 
construction at the amyE locus of AH10297, originating strains AH10487 and 
AH10562–10566. Also, strain AH10297 was transformed with the 
chromosomal DNA of JDB1752 (Real et al., 2008), in order to knock-out 
spoVE. These cells were then transformed with pCF149 and pCF186–190, 
generating strains expressing safA-yfp variants in the absence of spoVE 
(AH5429–5434).  
For cells expressing cotD-gfp in the presence of the various safA 
alleles, we started by constructing a vector to change the spectinomycin 
resistance for chloramphenicol resistance in B. subtilis. pAH250 (Henriques 
et al., 1997) was digested with BamHI and SnaBI, and the cat gene was 
inserted within the base pairs 384 and 465 of the spec cassette, resulting in 
pFP8. Then, we transformed PE659 (Wang et al., 2009), with cotD-GFP 
fusion, with this vector and used the chromosomal DNA of the resulting 
strain to transform AOB64 and AH4745–4750, generating the strains 
AH4835–AH4841.  
For expression of cfp under control of a σG-responsive promotor, 
both wild type and spoVE null mutant strains (JDB1752, Real et al., 2008) 
were transformed with the chromosomal DNA of AH6566 (Serrano et al., 
2008), harboring PsspE-cfp. Cells were selected for chloramphenicol 
resistance, resulting in strains AH4856 and AH4857. 
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Strains for overproduction of StrepTagII fusions 
The coding sequence of the LysM domain of safA was PCR amplified, 
digested with XbaI and NcoI, and cloned into the same sites of the vector 
pASK-IBA3 (IBA GmBH) to create pTC178. Then, the gfp gene, amplified from 
pEA18, was inserted into the AatII site of pTC178, yielding pTC182, for 
expression of LysMSafA-GFP-StrepTagII. This vector was used as template to 
introduce the alanine substitutions D10A, S11A, L12A, N30A or I39A at the 
LysM by site-directed mutagenesis, generating plasmids pAI4, pAI1, pAI2, 
pAI5 and pAI3, respectively. For GFP-StrepTagII overproduction, the gfp 
gene was digested with XbaI and Eco47III and cloned into the same sites of 
pASK-IBA3, creating pAI12. These vectors were transferred to in E. coli 
DH5α for protein overproduction, resulting in strains AH4504–4509, 
AH4520 and AH4522.  
For overproduction of LysMSpoVID-StrepTagII, the coding region of the 
LysM domain of SpoVID was amplified, digested with XbaI and NcoI and 
inserted into pASK-IBA3. The resulting vector was introduced in E. coli 
BL21(DE3), yielding strain AH5104. 
 
Fluorescence microscopy and image analysis 
One-millilitre samples were collected from SM cultures at different 
times. Cells were harvested by centrifugation and resuspended in 0.1 mL of 
PBS supplemented with 1 µL of a 2 mg/mL solution of the membrane dye FM 
4-64 (Molecular Probes, Invitrogen). Fluorescence microscopy was 
performed as previously described (Serrano et al., 2011), and images were 
analysed with Metamorph v7.7 (Molecular Devices) and ImageJ (http://rsb 
web.nih.gov/ij/). For quantification of the subcellular localization of SafA-
YFP in each strain, at least 100 sporulating cells were randomly examined 
and scored. The 3D graphics of the distribution of the fluorescent signal in 
sporulating cells were obtained using the ImageJ plugin Interactive 3D 
Surface Plot v2.33. 
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Accumulation of SafA variants during sporulation 
In these assays, we used the strains expressing the various safA 
alleles from the native locus, as well as wild type cells. Cultures were grown 
in DSM at 37° C and samples were taken at 2, 4 and 6 hours after the onset of 
sporulation. Cells were harvested by centrifugation (7500 × g, 10 min, at 4° 
C), resuspended in French press buffer (10 mM Tris pH 8.0, 10 mM MgCI2, 0.5 
mM EDTA, 0.2 M NaCI, 10% glycerol, 0.1 mM DTT, 1 mM PMSF), and lysed in 
a French pressure cell (18,000 lb/in2). The extracts were quantified using the 
Bio-Rad mini protein system according to manufacturer’s instructions.  10 µg 
of protein from each sample were prepared for SDS-PAGE, and proteins were 
resolved, transferred to nitrocellulose membranes and immunobloted using 
anti-SafA antibodies.  
 
Spore purification and fractionation 
For spore fractionation, we used strains with the in-frame deletion of 
safA and expressing safA alleles from the non-essential locus amyE 
(AH10302, AH10555–10558 and AH10561), as well as wild type and safA 
null mutant cells. Cells were grown in DSM for 24h after the onset of 
sporulation, and the produced spores were purified by a two-step gradient of 
gastrografin (Bayer Schering Pharma) (Seyler et al., 1997; Henriques and 
Moran, 2000). Spore fractioning was performed as described in Chapter 3. 
Proteins within each spore fraction were resolved by SDS-PAGE and 
transferred to nitrocellulose membranes for immunoblot analysis with anti-
SafA and anti-Tgl antibodies. As a control for the decoating, membranes were 
stripped with stripping buffer (50 mM Tris, pH 6.8, 2% SDS, 100 mM β-
mercaptoethanol) and reprobed with anti-CotA antibodies.  
 
Peptidoglycan- and chitin-binding assays 
Cultures of E. coli producing the various StrepTagII fusions were 
grown to mid-log phase, induced with 200 µg/ml of anhydrotetracycline, and 
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incubated for 3 to 5 h before harvesting the cells. The pellets corresponding 
to 50 mL of induced cultures were resuspended in 3 mL of buffer W (100 mM 
Tris pH 8.0, 1mM EDTA) supplemented with 100 mM NaCl, 1 mM PMSF and 
Complete Mini EDTA-free protease inhibitor cocktail (Roche). Cells were 
lysed in a French pressure cell (18,000 lb/in2), and the lysates were cleared 
by centrifugation. The StrepTagII fusion proteins were purified from the 
lysates using StrepTactin Sepharose columns, according to manufacturer 
instructions (IBA, GmbH), and finally were quantified through the Bradford 
method. 
For cortex purification, wild type B. subtilis cells were grown in DSM 
medium for 24 hours after the onset of sporulation. Spores were purified as 
described above (Seyler et al., 1997; Henriques and Moran, 2000), and the 
cortex was extracted (Fein and Rogers, 1976; Kuroda and Sekiguchi, 1990), 
purified by removal of peptidoglycan-associated polymers and quantified 
(Yamamoto et al., 2008). 
Peptidoglycan an chitin binding assays were adapted from 
Yamamoto et al., 2008. In short, 1 mg of purified cortex was incubated for 2 
hours on ice in 40 µL of HEPES buffer, with or without lysozyme (40 µg/mL). 
Digested and non-digested cortex, or alternatively 25 µL of chitin beads 
(New England Biolabs), were washed and resuspended in 30 µL of 
phosphate-buffered saline with Tween 20 (PBS-T). Then, 1 µM of purified 
LysM-(GFP)-StrepTagII and of GFP-StrepTagII were added. After a 15 min 
incubation on ice, pellet and supernatant fractions were separated by 
centrifugation (2min, 5000 × g) and the pellets were washed with PBS-T. 
Proteins within each fraction were resolved by TSDS-PAGE and 
immunobloted with anti-StrepTagII antibodies (Abcam). 
 
Western blot analysis 
Proteins transferred to nitrocellulose membranes were 
immunobloted according to the instructions for the SuperSignal West Pico 
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Chemiluminescent Substrate (Thermo Scientific), using 5% low fat powder 
milk in PBS-0.1% Tween-20 (0,001%) as blocking agent. Antibodies were 
used at the following dilutions: anti-SafA (a gift from Charles P. Moran Jr.) 
1:15 000, anti-Tgl (Zilhao et al., 2005) 1:15 000, anti-CotA (laboratory stock) 
1:1 000 and anti-StrepTagII (Abcam) 1:1 000. Secondary peroxidase-
conjugated antibodies, anti-rabbit and anti-mouse, were used at the dilutions 





Conserved features of the LysM domain of SafA  
 We started the study on the LysM domain of SafA (LysMSafA) by 
performing a sequence comparison with other LysM motifs present in B. 
subtilis sporulation-specific proteins. We also used the sequences of the well-
characterized LysMs from the E. coli murein transglycosylase D (MltD), which 
recognizes peptidoglycan (Bateman and Bycroft, 2000), and from the Pteris 
ryukyuensis chitinase-A (PrChiA), that recognizes chitin (Ohnuma et al., 2008; 
Onaga and Taira, 2008).  All sequences were available at the National Center 
for Biotechnology Information (NCBI) database (http://www.ncbi.nlm.nih. 
gov). Our analysis supports that the first 16 residues of the LysM motifs are 
particularly conserved, as previously reported (Buist et al., 2008). Also, there 
is some conservation of the C-terminal region, whereas the central residues 
of the motif are poorly conserved, excepting for the positions 26 and 30, 
according to SafA numbering (Buist et al., 2008) (Fig 4.1 A).  
 The residues that compose the two α-helices and the two β-sheets in 
the LysM of E. coli MltD (Bateman and Bycroft, 2000) are indicated in the 
sequence alignment, as well as the two binding sites for GlcNAc oligomers in 
the LysM of P. ryukyuensis PrChiA (Ohnuma et al., 2008) (Fig 4.1 A). These 
binding sites, which form a groove by a cluster of hydrophobic residues, are 
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consistent with those from the LysM motifs of the Enterococcus faecalis AtlA 
(Mesnage et al., 2014), the Arabidopsis AtCERK1 (Liu et al., 2012), and the 
Cladosporium fulvum Ecp6 (Sanchez-Vallet et al., 2013). Moreover, they 
overlap with the conserved residues G9, D10, S11, L12 (in binding site 1), 
N30 and I39 (in binding site 2) of SafA. In order to assess the position of 
these conserved residues within the folded domain, we produced a structural 
 
 
Figure 4.1 - LysM is a well-conserved domain. A) Sequence alignment of the LysM motifs 
from SafA, MltD (E. coli), PrChi-A (P. ryukyuensis) and five B. subtilis sporulation-specific 
proteins, including SpoVID. Identical residues are shaded in blue, while similar residues 
are shaded in yellow. The numbers on the left indicate the first residue of each LysM motif. 
Asterisks denote the five residues within LysM
SafA
 whose role was investigated in this 
study. On top, we indicate the residues that compose the α-helices and β-strands on the 
LysM domain of MltD (Bateman and Bycroft, 2000). On the bottom, we denote the two 
binding sites for GlcNAc oligomers on the LysM of PrChiA (Ohnuma et al., 2008). B) 
Representation of the NMR structure of the LysM motif of E. coli MltD (Bateman and 
Bycroft, 2000). Left panel shows the position of the two α-helices and the two β-sheets. 
The conserved residues D10, S11, L12, N31 and L37 (the last two corresponding to N30 
and I39 in SafA) are indicated. Right panel shows the surface charge model, with the acidic 
residues in red and the basic residues in blue. 
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model of the LysMSafA based on the similarity to the LysM domain of MltD 
(Bateman and Bycroft, 2000) (Fig. 4.1 B). In this domain, as well as in other 
LysM modules whose structure was determined (Bielnicki et al., 2006; Liu et 
al., 2012; Mesnage et al., 2014), the two α-helices are packed against the two 
antiparallel β-sheets. According to the model, the side chains of residues D10, 
S11 and N30 localize at the walls of the groove and are surface-exposed. The 
side chains of residues L12 and I39 form part of the basement of the groove 
and are also partially exposed (Fig. 4.1 B). Therefore, these five residues are 
good candidates for a role in peptidoglycan binding and/or protein 
localization.  
 
The LysM domain is required for SafA subcellular localization 
In SafA, the removal of the LysM domain results in an unstable 
protein that fails to accumulate in sporulating cells (Costa et al., 2006). 
Therefore, in order to address the role of this domain in SafA localization, we 
performed loss-of-side-chain mutagenesis of LysMSafA individual conserved 
residues predicted to be surface-exposed. We constructed strains with an in-
frame deletion of safA and expressing safA-yfp variants with the substitutions 
D10A, S11A, L12A, N30A or I39A from the non-essential locus amyE. Mutant 
cells were grown in sporulation medium and imaged by fluorescence 
microscopy along the time (Fig. 4.2; Table 4.2).  
As described in Chapter 3, SafA-YFP exhibits a kinetic of localization 
that matches coat protein fusions of class II. It starts localizing as a dot at the 
mother cell proximal (MCP) pole of the prespore as soon as the asymmetric 
septum begins to curve. The dot expands into a cap, and after engulfment 
completion a second cap appears at the opposite pole. Then, SafA-YFP 
completely encircles the spore, forming a fluorescent ring (Fig. 4.2, 1st 
column; Table 4.2). We found that SafA-YFP variants with D10A or N30A 
substitutions localize at the septum, but fail to encase the spore, 
accumulating as a dot or a cap at the MCP pole. SafAD10A-YFP accumulates as a 





Figure 4.2 – Exposed, conserved residues within LysM
SafA 
are important for SafA-YFP 
localization. Cells expressing the various safA-yfp alleles were collected at 2, 4, 6 and 8 
hours after the onset of sporulation, stained with FM 4-64 and imaged by fluorescence 
microscopy. For each sporulation time, the 1
st
 row shows the YFP signal and the 2
nd
 row 
shows the merge between the signals of the stained membranes (red) and SafA-YFP 
(yellow). White arrows at hour 8 point to the intermediate phenotype between 1 and 2 
caps. The 3D graphs in the lower left corners represent the distribution of the YFP signal   
in a wild type cell with the predominant pattern of SafA-YFP localization. The percentages 
bellow each image correspond to the sporulating cells in each strain exhibiting that pattern. 
Scale bar, 1µm. 
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dot in a higher percentage of sporulating cells comparing to SafAN30A-YFP, 
and the difference is accentuated along the time (Fig. 4.2; Table 4.2). In 
contrast, SafAS11A-YFP, SafAL12A-YFP and SafAI39A-YFP variants localize as the 
wild type SafA-YFP at initial stages of sporulation. However, 8 hours after 
resuspension, the percentage of cells expressing these mutated variants that 
exhibit a complete fluorescent YFP ring is lower comparing to cells 
expressing the wild type SafA-YFP (24% for S11A, 21% for L12A and 20% for 
I39A, versus 43% for the wild type). In these mutant strains, the percentage 
of cells with two YFP caps is higher. Also, for those strains with substitutions 
L12A or I39A, there is an increment on the proportion of cells with an 
intermediate pattern of SafA-YFP localization between one and two caps, in 
which one side of the cap at the MCP pole spreads to reach the opposite pole 
(Fig. 4.2, white arrows at hour 8, Table 4.2). We conclude that residues D10 
and N30 are important for initial stages of SafA-YFP localization, before 
engulfment completion and synthesis of the cortex, whereas S11, L12 and I39 
have a role in localization at later stages. 
 We then investigated if SafA variants that mislocalize in sporulating 
cells are able to accumulate along the time. Cells expressing the different safA 
alleles, as well as wild type cells, were grown in sporulation medium, 
collected at different times, and lysed. Then, equal amounts of cell extracts 
were used to carry out immunoblot assays for the detection of the various 
SafA forms: the full-length, the SafAC30 (that results from internal translation)  
and  the  SafAN21  (which  corresponds to the N terminus of SafA) (Ozin et al., 
2000; Takamatsu et al., 2000a; Takamatsu et al., 2000b; Ozin et al., 2001a). In 
all strains, the full-length form accumulated to wild type levels, and the 
timing of appearance and levels of SafAC30 was not grossly affected (Fig. 4.3). 
SafAN21 accumulated in lower levels in all the strains constructed, including in 
the strain complemented with the wild type form of safA (wtC). Therefore, 
alanine substitutions that resulted in SafA mislocalization did not 
significantly affect the accumulation of the protein in vivo. 





Figure 4.3 – Accumulation of the 
SafA variants that mislocalize in 
sporulating cells. Cells with the 
various safA alleles, as well as wild 
type cells (wt), were grown 
sporulation media. Samples were 
taken at 2, 4 and 6 hours after the 
onset of sporulation and cells were 
lysed. Proteins within equal 
amounts of cell extracts were 
resolved by SDS-PAGE and 
immunobloted with anti-SafA 
antibodies. The SafA full-length 
(FL), SafAC30 (C30) and SafAN21 






We further tested if alanine substitutions within LysMSafA that led to 
mislocalization of SafA-YFP also affect the subcellular localization of SafA-
dependent inner coat proteins, as CotD. To do this, we imaged sporulating 
cells missing safA or with the various safA alleles and expressing cotD-gfp 
(Fig. 4.4). In cells with the wild type form of SafA, as well as in those 
expressing versions with S11A, L12A or I39A substitutions, CotD-GFP 




Figure 4.4 – Alanine substitutions D10A and N30A in SafA cause mislocalization of the 
SafA-dependent inner coat protein CotD. Cells missing safA or with the different safA 
alleles and expressing CotD-GFP were imaged 6 hours after the onset of sporulation. 
Samples were stained with FM 4-64. 1
st
 row: phase contrast signal; 2
nd
 row: merge 
between CotD-GFP (green) and stained membranes (red) signals. White arrows point to 
cells exhibiting mislocalization of CotD-GFP. Scale bar, 1µm. 
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or N30A or in the absence of safA, CotD-GFP do not encase the spore, and 
often a strong fluorescence signal was found in the mother cell cytoplasm. 
Thus, substitutions D10A and N30A not only impair encasement by SafA, but 
also by at least some inner coat, SafA-dependent proteins.    
 
The LysM domain is required for SafA association with the cortex 
SafA localizes at the interface between the cortex and the coat (Ozin 
et al., 2000), and spore fractionation assays in Chapter 3 revealed that it 
associates with the cortex. Now, we aimed at determining if LysMSafA is 
required for cortex association. To test this, we fractionated spores produced 
by strains expressing the various safA alleles, as described in Chapter 3. In 
short, purified spores were decoated and incubated in the presence or 
absence of lysozyme. The lysozyme treatment digests the cortex 
peptidoglycan, releasing the cortex-associated proteins. As controls, we 
included wild type and safA null mutant spores in the assay. Proteins within 
each spore fraction were resolved, and the presence of SafA was assessed by 
immunoblot (Fig 4.5, 1st panel). The efficiency of spore fractionation was 
demonstrated by the detection of the bona fide coat protein CotA (Martins et 
al., 2002) exclusively in the coat fraction (Fig 4.5, 3rd panel), as well as by the 
lack of detected proteins in the non-digested cortex fractions.  
We observed that the full-length form of the wild type SafA, either 
expressed from the native locus (wt) or from amyE (wtC), is equally 
distributed between the digested cortex and coat fractions, while SafAC30 is 
detected mainly in the coat. This distribution pattern differs from those 
obtained in Chapter 3, which we attributed to strain-specific variations. As 
stated in Chapter 3, SafAC30 migrates faster in the coat fraction, presumably 
due to processing by the protease YabG in this layer (Takamatsu et al., 
2000a; Takamatsu et al., 2000b). Also, we did not detect SafAN21, reinforcing 
that, as in PY79 derivatives, this form in not abundant at later stages of spore 
development. The higher molecular weight forms of SafA above the full-
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length form may correspond to SafA oligomers or to cross-linked coat 
material. The band between the full-length and SafAC30 in the coat fraction 
may be either cross-linked SafAC30 or a degradation product. We found that in 
strains with substitutions D10A or N30A, most of the SafA was extracted in 
the coat fraction, suggesting that these forms of SafA interact less efficiently 
with the cortex. Also, in cells with the substitution I39A, the overall amount 
of full-length SafA is lower comparing to the wild type, perhaps because this 




Figure 4.5 – Alanine substitutions D10A and N30A increase the extractability of SafA in 
the coat fraction, whereas I39A diminishes the SafA retention at the spore surface (1
st
 
row). However, these substitutions do not affect the distribution of Tgl across the spore 
layers (2
nd
 row). Cells were collected 24 hours after entering in sporulation. Spores were 
purified, decoated and incubated in the presence or absence of lysozyme. Proteins within 
each spore fraction were resolved by SDS-PAGE and immunobloted with anti-SafA, anti-
Tgl and anti-CotA antibodies. wt
C
: ∆safA, amyE’::safA::’amyE; C: coat fraction; +: cortex 
fraction digested with lysozyme; -: cortex fraction non-digested with lysozyme; FL: SafAFL; 
C30: SafAC30. 
 
   
Recently, it was found that SafA is required for the localization of Tgl, 
a transglutaminase that cross-links coat proteins at the surface of the spore 
(Fernandes, C. F. and Henriques, A. O., unpublished data). Knowing the 
importance of this enzyme in maturation of the spore coat, we further 
analysed the effect of alanine substitutions in LysMSafA in the distribution of 
Tgl across the spore layers. We stripped Western blot membranes from 
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spore fractionation assays and incubated them with anti-Tgl antibodies (Fig. 
4.6, 2nd panel). As previously shown (Fernandes, C. F. and Henriques, A. O., 
unpublished data), Tgl is present mainly in the coat fraction, and the absence 
of SafA led to a reduction in the amount of the enzyme in the spore. The 
distribution and levels of Tgl were identical in all strains expressing the 
various safA alleles, indicating that alanine substitutions in LysMSafA that 
result in SafA mislocalization do not interfere with the distribution of Tgl in 
the spore. This supports that Tgl requires SafA for localization, but does not 
exclusively depends on it.   
 
The LysM domain of SafA binds to spore peptidoglycan in vitro 
The results of the preceding sections showed that LysMSafA is 
important for the subcellular localization of SafA and its attachment to the 
spore surface. Therefore, we wanted to test whether this domain would 
recognize spore peptidoglycan, and if substitutions that led to SafA 
mislocalization would interfere with binding. To address this, we incubated 
purified spore peptidoglycan with fusions of LysMSafA variants to GFP and 
StrepTagII. The ability of these fusions to bind peptidoglycan was assessed 
through co-sedimentation following low speed centrifugation (Steen et al., 
2003; Shah et al., 2008). As a control for the retention of the fusions in the 
pellet, GFP-StrepTagII was added together with the various LysMSafA-GFP-
StrepTagII, at the same concentration. Unbound supernatant and bound 
pellet fractions were then resolved and immunobloted (Fig. 4.6).   
In no instance did we observe co-sedimentation of GFP-StrepTagII 
with the peptidoglycan. In contrast, about 71% of the wild type LysMSafA-GFP-
StrepTagII co-sedimented, showing that the LysM domain of SafA binds 
spore peptidoglycan in vitro. For all LysMSafA-GFP-StrepTagII mutant variants 
tested, there was a reduction in co-sedimentation. This reduction was more 
accentuated for variants with substitutions I39A and L12A (3% and 10% of 
co-sedimentation, respectively), and not so pronounced for those with D10A, 
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S11A and N30A (31%, 32% and 58% of co-sedimentation). Importantly, the 
lower capacity of the variant with the substitution I39A to bind 
peptidoglycan is in line with spore fractioning data, which showed that this 
form of SafA is less retained at the spore surface. We also observed that a 
treatment of the peptidoglycan with lysozyme prior to incubation resulted in 
the  enrichment  of  the  LysMSafA-GFP-StrepTagII fusions  in  the  supernatant 
(Fig. 4.6, bottom panel), indicating that sedimentation was due to an 




Figure 4.6 – In vitro 




fusions. Spore peptidoglycan 
was incubated with LysM
SafA
-
GFP-StrepTagII variants and 
GFP-StrepTagII. Pellet (P) 
and supernatant (S) fractions, 
with peptidoglycan-bound 
proteins and proteins that do 
not bind peptidoglycan, 
respectively, were resolved 
and stained with Coomassie 
blue (top panel) or immuno-
bloted with anti-StrepTagII 
antibodies (2
nd
 panel). Bands 
corresponding to LysM-GFP-
StrepTagII were quantified 
and the percentage of each 
form in the peptidoglycan-
bound fraction is indicated. 
The procedure was also 
performed using digested 




The localization of SafA is dependent on cortex biogenesis 
 We further tested if the cortex is required for SafA localization by 
analysing the deposition of SafA-YFP variants along sporulation in strains 
missing spoVE. SpoVE localizes to the outer forespore membrane and, 
together with its physical partner SpoVD (a transpeptidase and penicillin-
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binding protein), is required for cortex synthesis (Piggot and Coote, 1976; 
Henriques et al., 1992; Daniel et al., 1994; Real et al., 2008; Fay et al., 2010). 
We found that, at initial stages of sporulation (until hour 4 after 
resuspension), the localization of SafA-YFP does not differ significantly in the 
presence or in the absence of spoVE (Fig. S3 of Appendices; Table 4.2). 
However, at later stages, after engulfment completion and initiation of cortex 
synthesis in wild type strains, the  percentage of cells  in  which  SafA-YFP  
completely  encircles the spore is lower in the absence of spoVE (2% and 9% 
at hours 6 and 8, comparing to 23% and 43% for wild type cells – Fig. 4.7; 
Fig. S3; Table 4.2). Similar results were obtained for SafA-YFP variants with 
substitutions S11A, L12A or I39A (Fig. S3; Table 4.2). These substitutions 
caused mislocalization of SafA at later stages by themselves, but the absence 
of spoVE emphasized the effect. Regarding substitutions D10A and N30, 
which affect the localization of SafA at earlier stages, the absence of spoVE 
did not have an impact in the phenotypes observed (Fig. S3; Table 4.2). 
Therefore, we conclude that the late localization of SafA or its maintenance at 
the spore surface requires the cortex. 
 
 
Figure 4.7 – The cortex is important for late 
subcellular localization of SafA. Sporulating 
cells expressing SafA-YFP, with or without 
spoVE, were stained with FM 4-64 and 
imaged at different times. A few 
representative cells are shown for 8 hours 
after resuspension. 1
st
 column: SafA-YFP 
signal; 2
nd
 column: overlap between the 
signals of SafA-YFP (yellow) and stained 
membranes (red); 3
rd
 columns: 3D distribution 
of the YFP signal in one representative cell 




Importantly, both SpoIVA and SpoVID, required for the early 
localization of SafA, showed normal deposition around the forespore in 
spoVE   null   mutant   cells   (data  not  shown).  This  reinforces  that  the  late  




Table 4.2: Quantification of the encasement by SafA-YFP variants 





Hour 2  Hour 4  Hour 6  Hour 8 
       
 
  






     
 




wt 13 87  0 76 24  0 41 36 23  0 28 10 19 43 
D10A 50 50  60 40 0  89 11 0 0  98 2 0 0 0 
S11A 18 82  0 77 23  0 44 33 23  0 27 10 39 24 
L12A 17 83  0 80 20  0 55 26 19  0 30 21 28 21 
N30A 29 71  41 59 0  46 50 4 0  47 53 0 0 0 
I39A 10 90  0 82 18  0 59 25 16  0 25 18 37 20 








wt 13 87  0 84 16  0 44 54 2  0 10 32 49 9 
D10A 58 42  86 14 0  92 8 0 0  95 5 0 0 0 
S11A 9 91  0 79 21  0 29 71 0  0 10 39 34 17 
L12A 12 88  4 75 21  0 26 72 2  0 20 45 30 5 
N30A 44 56  41 59 0  26 74 0 0  51 49 0 0 0 
I39A 4 96  0 65 35  0 57 42 1  0 17 43 34 6 
                   
a
 The numbers correspond to the percentages of sporulating cells exhibiting each of the SafA-
YFP localization patterns represented, at 2, 4, 6 and 8 hours after the onset of sporulation. 
 
 
mislocalization of SafA-YFP does not result from the absence of these 
proteins from the spore surface. 
 In these experiments, we observed that engulfment appears to be 
delayed in spoVE null mutant cells. To test this, we looked at the expression 
of a fusion of the σG-responsive promoter PsspE to the cfp gene in a wild type 
strain and in a congenic spoVE mutant, during sporulation. As σG is activated 
after engulfment completion, CFP-positive cells must have passed this stage 
in sporulation. Four hours after resuspension, the percentage of spoVE null 
mutant cells expressing PsspE-cfp is lower than in wild type cells (Fig. 4.8), 
confirming that the absence of SpoVE led to a delay in engulfment. This 
revealed a role of SpoVE at this stage of sporulation, in line with the reported 
contribution of the peptidoglycan synthesis for membrane migration around 
the forespore (Meyer et al., 2010). Also, it is in agreement with the 
requirement of SpoVD, which forms a complex with SpoVE during cortex 
formation (Fay et al., 2010), for peptidoglycan synthesis throughout 
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engulfment (Meyer et al., 2010). Our results therefore suggest that SpoVD 
and SpoVE cooperate for peptidoglycan synthesis required at this point of 
sporulation. Importantly, 5 hours after the onset of sporulation, spoVE null 
mutant cells already recovered the lag in engulfment (Fig. 4.8). Therefore, we 
infer that this delay in spoVE null mutant cells does not influence the 




Figure 4.8 – Engulfment is delayed in spoVE null mutant cells. A) Cells expressing CFP 
under control of the σ
G
-responsive promotor PsspE, with or without spoVE, were grown in 
sporulation media, stained with FM 4-64, and imaged. 1
st
 column: CFP signal; 2
nd
 column: 
merge between signals of CFP and stained membranes. B) Quantification of sporulating 
cells exhibiting fluorescent signal in the forespore.  
 
 
The LysM domain of SpoVID in peptidoglycan recognition in vitro 
It was previously demonstrated that the LysM domain of SpoVID 
(LysMSpoVID) is required for localization, suggesting a role in spore 
peptidoglycan recognition (Wang et al., 2009). Supporting this, sequence 
comparison revealed that the five exposed residues in LysMSafA involved in 
peptidoglycan binding are identical or similar in LysMSpoVID (Fig. 4.1 A). 
However, SpoVID appears to be insensitive to the absence of spoVE for 
localization, raising questions about the potential function of its LysM 
domain as a peptidoglycan-binding module. To clarify this, we performed in 
vitro peptidoglycan binding assays as described previously, but using fusions 
of LysMSpoVID and LysMSafA to StrepTagII. Contrarily to LysMSafA-StrepTagII, we 
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were not able to detect LysMSpoVID-StrepTagII in the peptidoglycan-bond 
fraction (Fig. 4.9 A). This indicates that, at least in the conditions of our assay, 
the LysM module of SpoVID does not recognize spore peptidoglycan.  
 
 
Figure 4.9 – LysM
SpoVID
 does 
not bind GlcNAc oligomers in 
vitro in the same condition as 
the LysM
SafA
. Cortex (A) and 
chitin (B) binding assays using 
fusion of SpoVID and SafA 
LysM domains to StrepTagII 
were performed. Proteins within 
pellet (P) and supernatant (S) 
fractions were resolved and the 
gels were stained with 
Coomassie blue (top panels) or 
transferred and immunobloted 
with anti-StrepTagII antibodies 
(bottom panels).  
 
 
We observed that, in B. subtilis and related species, the LysM domain 
of SpoVID comprises two cysteines (Fig. 4.10, in pink) that are not conserved 
among other LysM motifs (Fig 4.1 A). This suggests the formation of an 
intramolecular disulfide bond that may be the cause of peptidoglycan 
insensitivity. Disulfide bonds are common in eukaryotic LysM motifs, but not 
in prokaryotic ones (Bateman and Bycroft, 2000; Buist et al., 2008), and it 
was   proposed   that   multiple   cysteine   residues  could  determine  binding 
specificity for chitin (Buist et al., 2008). For this reason, we further tested the 
ability of the LysMSpoVID to recognize this oligomer. We repeated the in vitro 
binding assays using chitin beads instead of spore peptidoglycan, and we 
found that LysMSafA-StrepTagII co-sedimented with the beads, yet LysMSpoVID- 
StrepTagII did not (Fig. 4.8 B). We conclude that, in the same conditions, the 
LysMSafA recognizes the common GlcNAc residues present in both 
peptidoglycan and chitin oligomers, whereas LysMSpoVID does not. This does 
not exclude, however, the possibility that LysMSpoVID could bind 
peptidoglycan in vivo or under different experimental conditions. 





Figure 4.10 – Sequence alignment of the LysM
 
domains of SpoVID from several Bacillus 
species, as well as the LysM domain of SipL, the C. difficile functional analogous of 
SpoVID. Identical residues are shaded in blue, while similar residues are shaded in yellow. 
Numbers on the left indicate the first residue of each LysM motif. Asterisks denote the 
residues analysed in this study (see Fig. 4.1 A). Cysteines in pink are conserved in B. 
subtilis and related species, but not in other LysM modules. The residues that compose α-
helices and β-strands on the LysM domain of MltD (Bateman and Bycroft, 2000) are 
represented on top, and the (GlcNAc)n binding sites on the LysM domain of PrChiA  





 The morphogenetic protein SafA is essential for assembly of the inner 
coat. Therefore, it is important to understand the mechanisms governing 
SafA localization at the spore surface. Previous work showed that SafA 
requires the morphogenetic proteins SpoIVA for initial targeting and SpoVID 
for spore encasement (Ozin et al., 2001b; Wang et al., 2009). The main 
contribution of the present study is the finding that the spore peptidoglycan 
is also important for SafA localization and function. We showed that five 
surface-exposed, conserved residues in the LysMSafA domain are involved in 
SafA subcellular localization and peptidoglycan recognition in vitro. Of those, 
two (D10 and N30) are required for SafA deposition before engulfment 
completion and initiation of cortex synthesis (Meador-Parton and Popham, 
2000), while the other three (S11, L12 and I39) are important for localization 
at later stages.  
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In cells with substitutions D10A or N30A, SafA-YFP is retained at the 
MCP pole of the spore as a dot or a cap. It appears that D10A affects SafA 
localization earlier than N30A, as SafAD10A-YFP accumulates as a dot in a 
higher percentage of sporulating cells comparing to SafAN30A-YFP variant. 
Both substitutions increase the extractability of SafA in the coat fraction of 
purified spores, showing that these SafA variants are less attached to the 
spore cortex than the wild type. They also affect the localization of at least 
one inner coat, SafA-dependent protein (CotD), which indicates that D10 and 
N30 are required for the integrity of the inner coat. Moreover, the 
mislocalization of these SafA-YFP variants before assembly of the cortex 
suggests that the LysMSafA may somehow recognize other type of 
peptidoglycan located in the intermembrane space, or precursors 
accumulating during engulfment. In fact, Tocheva et al., 2013 showed that 
peptidoglycan is always present around the prespore throughout engulfment 
(Tocheva et al., 2013). Another possibility is that these two residues are 
indirectly important for interaction with other localization determinants, 
such as SpoIVA or SpoVID. For example, D10A and N30A may affect the 
capacity of region A,  immediately adjacent to the LysM domain (Costa et al., 
2006), to access or recognize SpoVID. 
Substitutions S11A, L12A or I39A affect the ability of SafA-YFP to 
form a complete, symmetric, circumference at the surface of the developing 
spore at later stages. A similar phenotype is observed in spoVE null mutant 
cells, where the cortex is almost absent, supporting that these residues may 
be key cortex binding determinants required for late localization of SafA. 
Furthermore, the substitution I39A, which is the one that most affects the 
peptidoglycan binding ability, led to a reduction in the amount of SafA 
extracted from purified spores. Thus, residue I39 is important for the 
maintenance of SafA at the spore surface, presumably via cortex binding. 
Our data also indicates that the five conserved residues we tested are 
part of the LysMSafA glycan binding site. This is in line with the binding sites 
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identified in other prokaryotic and eukaryotic LysM motifs (Ohnuma et al., 
2008; Liu et al., 2012; Sanchez-Vallet et al., 2013; Mesnage et al., 2014). For 
example, in the LysM domain of the E. faecalis AtlA, alanine substitutions in 
residues corresponding to S11, L12 or I39 in SafA also reduce the 
peptidoglycan binding ability (Mesnage et al., 2014). Also, we showed that 
the binding site of LysMSafA recognizes both spore peptidoglycan and chitin 
oligomers in vitro, and as a precedent, the LysM domain of AtlA also binds 
these two types of glycans (Mesnage et al., 2014). However, SafA is a 
component of the spore coat, which, at least at initial stages of development, 
is separated by the spore peptidoglycan by the outer forespore membrane. 
SafA has no recognizable secretion signals, and there is no evidence of a 
secretion machinery preferentially at the outer forespore membrane during 
sporulation. It was proposed that this membrane may not retain its integrity 
later in sporulation (Setlow, 2006), which would allow SafA to gain access to 
the cortex at that stage. Also, SafA may be transported through the 
membrane by a mechanism independent of a typical signal peptide, or the 
LysM domain may interact with peptidoglycan precursors accumulating at 
the mother cell-facing surface of the membrane (Ozin et al., 2000). 
Since the LysM domain is required for the subcellular localization of 
SafA, we conclude that, as in SpoVID, it forms a complex localization signal 
with the immediately adjacent region A, that is also involved in localization 
via interaction with SpoVID (Costa et al., 2006; Wang et al., 2009). Both 
regions are more conserved among SafA orthologues than the remaining of 
the protein, suggesting conservation of the mechanism of SafA localization.  
To the best of our knowledge, this was the first time that was 
reported the mislocalization of a coat protein (SafA) in spoVE null mutant 
cells. Therefore, proper coat formation requires the synthesis of the cortex. 
SafA may act as a molecular staple, binding to the cortex in mature spores 
through its LysM domain and recruiting the inner coat proteins presumably 
via the C-terminal domain. As the cortex formation also requires initiation of 
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coat assembly (Ebmeier et al., 2012), we can state that morphogenesis of the 
two main spore protective layers are mutually dependent processes. 
Finally, we showed that the LysM domain of SpoVID did not recognize 
purified spore peptidoglycan under our experimental conditions. Indeed, the 
subcellular localization of SpoVID-GFP was not affected by the absence of 
spoVE. We cannot exclude, however, that LysMSpoVID may recognize GlcNAc 
oligomers in vivo or under different experimental conditions. Interestingly, 
the functional analogous of SpoVID in Clostridium difficile, SipL, also has a 
LysM motif at the C terminus. This motif preserves identical or similar 
residues in the positions corresponding to D10, S11, N30 and I39 in SafA 
(Fig. 4.10), but in contrast to SpoVID (Wang et al., 2009), it interacts directly 
with SpoIVA (Putnam et al., 2013).  
Altogether, these data allow us to propose a model for SafA 
deposition at the spore surface that includes SpoIVA, SpoVID and the spore 
cortex as localization determinants (Fig. 4.11). As most of the coat proteins 
known to date, initial targeting of SafA to the septum depends on the 
interaction with SpoIVA (Mullerova et al., 2009; Wang et al., 2009; Qiao et al., 
2012). Then, SafA interacts with the region E of SpoVID (see Chapter 3), 
allowing spore encasement by SafA. Two regions of interaction with SpoVID 
were already reported in SafA: A and B, or PYYH. We favour that region A 
may be the one that binds region E, as it appears to contribute more 
significantly for the interaction with SpoVID. While SafA encases the spore, 
the C-terminal domain interacts with and recruits several proteins that 
compose the inner coat. At this stage, SafAC30, that localizes through 
interaction with the full-length form of SafA, plays a major role by increasing 
the surface of interaction with inner coat proteins. After engulfment 
completion, the synthesis of the cortex initiates. The LysM domain of SafA 
recognizes it, which facilitates the distribution of the protein around the 
spore. Binding to the cortex may also be important for the maintenance of 
SafA at the spore surface at late stages in spore development.  





Figure 4.11 - Model for SafA subcellular localization. SpoIVA (white) binds to SpoVM 
(black) at the surface of the developing spore and recruits SafA (yellow). SpoIVA also 
interacts with region A of SpoVID (red), allowing targeting of SpoVID to the spore surface. 
Then, SpoVID and SafA interact, presumably via regions A in SafA and E in SpoVID, which 
allows encasement by SafA and inner coat proteins. After spore engulfment, the cortex 
begins to be synthesised, and the LysM domain of SafA gets access to it. Binding of this 
domain to the cortex peptidoglycan facilitates SafA localization or its retention at the spore 
surface. IFM: inner forespore membrane; OFM: outer forespore membrane; OC: outer 
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 The work presented in this thesis contributed to a better 
understanding on the formation of the spore coat. Our studies focused on the 
morphogenetic proteins SpoVID, SafA and CotE, as they assume major roles 
in the assembly of this protective layer.  
We started by showing that a small region at the N terminus of 
SpoVID, that we named region E, is required for spore encasement by all the 
four layers of the coat. Within this region, we identified specific residues 
important for binding and encasement by SafA and CotE, the hubs for the 
inner coat and for the outer coat and crust substructures, respectively 
(Chapters 2 and 3). Therefore, we linked the mechanism of spore 
encasement to specific protein-protein interactions involving the same 
region of SpoVID. Direct interactions of SafA and CotE to region E appear to 
promote their binding to a second surface in SpoVID (Chapter 3). Moreover, 
analysis of single alanine substitutions within this region provides evidences 
that residues required for encasement by both SafA and CotE are important 
for coat integrity, and that the inner coat functions as an attractor for the 
outer coat (Chapter 3). We also investigated the role of the two cysteines of 
the N-terminal domain of SpoVID in oligomerization, and showed that this 
domain is likely to be structured (Chapter 2). Finally, we found that, 
contrarily to SpoVID, proper localization of SafA requires recognition of the 
spore peptidoglycan via LysM domain (Chapter 4). Functional analysis of this 
domain also indicated that formation of the coat requires cortex synthesis 
(Chapter 4) 
Altogether, our data highlighted the importance of protein-protein 
interactions in coat assembly. Also, they showed a tight association between 
assemblies of the main spore protective layers (Chapters 3 and 4). We were 
able to propose an updated model for coat formation that combines the 
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known interactions between the main coat morphogenetic proteins (Chapter 
2), and we refined some specific steps of the model in Chapters 3 and 4. 
 
The major role of the region E of SpoVID in spore encasement 
 One of the main goals of this work was to investigate the mechanisms 
directing spore encasement. Previously, Wang et al., 2009 identified a small 
region at the N-terminal domain of SpoVID (residues 125 – 136) required for 
encasement by CotE. We sought to determine if this region, that we named 
region E, is important for encasement by other coat components as well, and 
if so, how does it directs the movement of several proteins around the 
developing spore. Our results support that region E is required for 
encasement by all the four layers of the coat. All the coat protein fusions to 
GFP or YFP tested so far encase the spore in a region E-dependent manner: 
SpoIVA-YFP from the basement layer; SafA-YFP, YaaH-GFP and CotP-GFP 
from the inner coat; CotE-YFP, YtxO-YFP, CotM-GFP and CotO-YFP from the 
outer coat and CotZ-GFP from the crust (Wang et al., 2009; Chapters 2 and 3).  
 We found that the hubs for the inner coat and for the outer coat and 
crust components, SafA and CotE, interact directly with region E (Chapters 2 
and 3), linking the encasement by inner and outer coat/crust modules to 
specific protein interactions of their hubs to the same region of SpoVID. As 
region E is conserved among SpoVID orthologues, the mechanism by which 
this morphogenetic protein directs spore encasement may be conserved in 
Bacillus species. We assume that SafA- and CotE-dependent proteins require 
region E for encasement in an indirect manner; however, it must be tested if 
they also interact directly with SpoVID. Also, our model predicts that SpoIVA 
would establish a second interaction with region E of SpoVID (in addition to 
the demonstrated interaction with the C terminus, required for SpoVID 
localization) that would allow encasement by SpoIVA and its interactors 





We identified specific residues within region E that are important for 
binding and encasement by SafA and CotE. Specifically, SafA requires 
residues L125, I127 and I133 of region E to interact with SpoVID and encase 
the spore; whereas encasement by CotE involves L125, I127 and L131, but 
only the last two residues have a role in a direct interaction with SpoVID 
(Chapters 2 and 3). Of those, L125 and I127, required for encasement by both 
SafA and CotE, are important for coat integrity (Chapter 3). Interestingly, all 
these residues are leucines or isoleucines (L125, I127, L131 and I133), 
suggesting that SpoVID establishes hydrophobic interactions with SafA and 
CotE. We cannot exclude, however, a possible role of some of these residues 
to the proper folding of region E, facilitating in that way binding by SafA and 
CotE.   
Our data suggested that SafA and CotE establish single or double 
interactions with region E that facilitate their shuttling to another surface in 
SpoVID (Chapter 3). According to this, the interactions with region E would 
be transient, resulting in permanently available regions E to bind SafA and 
CotE hubs at the spore surface. However, further studies will be required to 
support this hypothesis. It would be important to identify the other region(s) 
in SpoVID that interact with SafA and CotE, as well as to determine which 
regions within SafA and CotE bind each SpoVID surface. In SafA, two regions 
of contact with SpoVID (A and B, or PYYH motif) were already described, and 
one of them could interact with region E (Ozin et al., 2000; Costa et al., 2006). 
It would be interesting to use peptide arrays covering the full sequences of 
SpoVID, SafA and CotE to virtually map all the possible regions of interaction 
between these three morphogenetic proteins. The data obtained would 
require refinement through other techniques, such as pulldown assays using 
truncated versions of each protein, or even peptides. Label transfer or 
FeBABE interaction mapping techniques, for example, can be used as 
alternatives. After mapping the interactions, it would be important to test 
their specific roles in SafA and CotE subcellular localizations.  
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SpoVID oligomerization as the driving force for encasement 
It is possible that spore encasement could be driven by 
multimerization of SpoVID around the spore circumference while interacting 
with other coat components. In fact, we confirmed that SpoVID forms 
oligomers in vitro (Chapter 2;(Ozin et al., 2000; Mullerova et al., 2009), and 
we showed that they contain disulfide bonds. The two cysteine residues 
within the N-terminal domain of SpoVID (C16 and C90) are not strictly 
required for oligomerization, although they appear to have a role in 
stabilization of the SpoVID oligomers in vitro (Chapter 2). It would be 
interesting to determine if other cysteine residues within the middle region 
or the LysM domain of SpoVID have a major contribution for oligomerization. 
Preliminary results indicate that none of the five cysteines of SpoVID is 
essential for the encasement function of this protein or for coat integrity 
(data not shown), yet it is possible that multiple cysteine substitutions are 
required to obtain a detectable phenotype.  
SpoVID interacts with SpoIVA, which self-assembles in an ATP-
dependent manner. Together with disulfide bond formation, this interaction 
may facilitate SpoVID oligomerization along with SpoIVA around the surface 
of the developing spore. 
 
SafA and CotE as hubs for inner and outer coat proteins 
According to the current model, SafA and CotE behave as hubs for 
assembly of the inner coat and of the outer coat and crust substructures, 
respectively. This assumption stems on the dependency of the inner and the 
outer coat/crust components on SafA or CotE for deposition. It is likely that 
the hub function of SafA is conferred by its C terminus, which coincides with 
the SafAC30 form. However, the ability of SafA, SafAC30 and CotE to interact 
directly with several coat proteins was not demonstrated so far. 
In terms of kinetics, there are two types of hub: party hubs, which 




different partners at different times. Hub proteins are also classified at a 
structural level as singlish interface hubs, if they exhibit only one or two 
binding sites, or as multiple interface hubs, if they have up to three binding 
sites (Jeong et al., 2001; Han et al., 2004; Kim et al., 2006b). During coat 
assembly, SafA, SafAC30 and CotE presumably interact with several coat 
proteins. Therefore, it is conceivable that they would be party, multiple 
interface hubs. Intrinsic disorder would be an advantage, allowing them to 
acquire different conformations. In fact, according to PONDR-FIT predictions, 
the extended middle region of SafA and most of its C terminus, as well as the 
C terminus of CotE (which has a role in recruitment of the outer coat 
proteins;(Little and Driks, 2001), are predicted to be disordered (Fig. 5.1 A 
and B). Further experiments will be necessary to characterize structurally 
these two hubs and to understand the mechanisms by which they interact 




Figure 5.1 – Charts representing PONDR-FIT scores for A) SafA and B) CotE hub 
proteins. Scores above 0.5 indicate that the region is predicted to be disordered. The 
diagrams above the charts represent SafA and CotE, with the predicted domains and 
important regions in evidence. 
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SafA and CotE belong to the same kinetic class of coat proteins 
 The SafA-YFP fusion constructed allowed us to determine that SafA, 
similarly to CotE, fits in the kinetic class II of encasement (Chapter 3). As 
described for class II proteins, SafA-YFP and CotE-CFP start encasing the 
spore after engulfment completion, but before it became phase-dark, with 
the formation of a second cap at the mother cell distal (MCD) pole (Chapter 
3;(McKenney and Eichenberger, 2012). Moreover, in sporulating cells 
expressing simultaneously SafA-YFP and CotE-CFP, either the two signals are 
visible at the MCD pole or none of them is (Fig. 3.10 and Table 3.7 of Chapter 
3; Fig. S2 of Appendices). This indicates that both fusions deposit at the MCD 
pole approximately at the same time, supporting that SafA and CotE belong 
to the same kinetic class. 
 According to the model suggested by McKenney and Eichenberger, 
2012, the earlier-localizing proteins of the basement layer and the inner coat 
start encasing the spore in the first wave of encasement, followed by earlier-
localizing proteins of the outer coat and the crust, in the second and third 
waves, respectively (McKenney and Eichenberger, 2012; McKenney et al., 
2013). However, the classification of SafA as a class II protein implies that the 
inner coat initiates encasement simultaneously with the outer coat, in the 
second wave, and not with the basement layer. Importantly, this does not 
reject the model of spore encasement by multiple co-ordinated waves. 
McKenney and Eichenberger, 2012 classified two SafA-dependent, 
inner coat protein fusions, YaaH-GFP and YuzC-GFP, as belonging to the 
kinetic class I. Our data supports that localization of YaaH-GFP matches the 
class I, and we suggested that it is may be related with the presence of two 
LysM domains in this protein (that were shown to be sufficient to localize a 
β-lactamase at the spore;(Kodama et al., 2000). It would be important to 
define if there are other SafA-dependent proteins that match the class I, 
including YuzC, and to investigate if they have other localization 




The LysM modules of SpoVID and SafA as localization determinants 
 Both SpoVID and SafA comprise a LysM motif linked to the remaining 
protein by a region essential for localization (Costa et al., 2006; Wang et al., 
2009). Wang et al., 2009 showed that in SpoVID, the LysM domain is part of 
the localization signal. Now we found that, similarly to SpoVID, the 
deposition of SafA also requires LysM (Chapter 4). Thus, SafA has at least 
three localization determinants: SpoIVA (for initial targeting), SpoVID (for 
encasement), and spore peptidoglycan, recognized by the LysM domain.  
We identified five conserved, surface-exposed residues in the LysM 
domain of SafA that are involved in SafA-YFP subcellular localization and 
spore peptidoglycan recognition in vitro, and we found that SafA-YFP 
requires the cortex to completely encircle the spore, or for maintenance at 
the spore surface, at later stages (Chapter 4). Two of the residues (D10 and 
N30) are required for localization of SafA before synthesis of the cortex 
(Meador-Parton and Popham, 2000). This raised two hypothesis: either D10 
and N30 are required for recognition of peptidoglycan other than the cortex 
(or peptidoglycan precursors accumulating during engulfment) at initial 
stages of SafA deposition, or these two residues are indirectly important for 
interaction with the other localization determinants of SafA. The continuous 
presence of peptidoglycan around the prespore along engulfment (Tocheva 
et al., 2013), together with the conservation of D10 and N30 in other LysM 
motifs, are in line with the first hypothesis. However, we favour the second 
possibility at least for N30, because the substitution of this residue for an 
alanine led to a minor reduction in the ability of LysMSafA-GFP-StrepTagII to 
bind peptidoglycan in vitro (only 13%, Chapter 4). However, further 
experiments will be required to clarify this.  
Residues S11, L12 and I39 are important for SafA-YFP localization at 
later stages, where the cortex is already present in the spore (Chapter 4). We 
assume that SafA binds to the cortex during sporulation in a S11, L12 and I39 
dependent manner, but further studies will be needed to confirm it. It would 
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be important to determine if LysMSafA also binds non-purified peptidoglycan, 
as it is displayed in the spore, and if it distinguishes between cortex and 
primordial germ-cell wall peptidoglycan. Also, it must be confirmed that the 
mislocalization of SafA in spoVE null mutant cells is due to the absence of the 
cortex. This could be attained by looking at the subcellular localization of 
SafA-YFP in other mutant backgrounds with defects in cortex assembly, such 
as in ybaN null mutant cells. 
According to this, SafA has to reach the peptidoglycan layers of the 
spore for proper localization. However, at least at initial stages of spore 
development, these layers are enclosed by the outer forespore membrane 
that separates them from the coat. It is not known if this membrane retains 
its integrity at later stages of sporulation (Setlow, 2014). Since there is no 
evidence of a secretion signal in SafA, one possibility is that this protein 
would only reach the peptidoglycan layers of the spore at later stages, at a 
time where the outer forespore membrane would be absent. If so, the role of 
the LysMSafA in localization at initial stages of spore development may rely on 
binding to peptidoglycan precursors that accumulate on the mother cell side 
of the outer forespore membrane, or in assisting on the interaction with 
other localization determinants of SafA, as previously discussed. Another 
possibility is that SafA may be transported across the membrane via non-
classical secretion. This type of protein secretion independent of typical 
signal peptides is relatively common in bacteria (Tjalsma et al., 2004; 
Bendtsen et al., 2005). Several characteristics, such as disordered regions, 
have been associated to proteins that are translocated this way, leading to 
the development of the non-classical protein secretion predictor SecretomeP 
2.0 (http://www.cbs.dtu.dk/services/SecretomeP/,(Bendtsen et al., 2005). 
According to this algorithm, that SafA harbours the characteristics to be 
secreted in a signal independent manner.  
The LysM domain of SpoVID is required for localization (Wang et al., 




experimental conditions as the LysMSafA. This is in line with the insensibility 
of SpoVID-GFP to the absence of spoVE for localization. Nevertheless, we do 
not exclude the possibility that the LysM domain of SpoVID recognizes spore 
peptidoglycan under other experimental conditions. For example, it may 
require the context of the full-length protein, higher order glycan polymers, 
peptidoglycan-associated molecules that were removed by purification, or 
stretched glycan strands in intact cells for an efficient binding. Also, the pH in 
the binding assay may influence the interaction, as at least some LysMs bind 
glycan strands in a pH-dependent manner (Buist et al., 2008; Leo et al., 
2015). In fact, the LysM domain of SpoVID has an isoelectric point below the 
average (4.2, comparing to 5 – 10; Buist et al., 2008), indicating that it may 
require a lower pH to bind glycan strands. If so, peptidoglycan recognition at 
lower pHs may be an adaptation to changing pHs in different environments 
(Buist et al., 2008; Leo et al., 2015).  
Moreover, it is possible that the two cysteine residues within the 
LysM domain of SpoVID, which are present in B. subtilis and related species 
but are not conserved among other LysM domains (Figs. 4.1 A and 4.10), may 
establish a disulfide bond that compromises the ability to recognize glycans. 
However, preliminary results indicate that single or double alanine 
substitutions of these residues did not restore the capacity of the domain to 
bind peptidoglycan or chitin in vitro (data not shown). Another residue that 
could be responsible for the glycan insensibility of LysMSpoVID is the glutamic 
acid E530, in the loop between the first β-strand and the first α-helix. 
Commonly, there is a glycine at this position (Fig. 4.1 A); therefore, the 
replacement for a glutamic acid may result in less flexibility, altering the 
typical LysM fold. To clarify this, it would be useful to solve the structure of 
this domain, in order to compare it with the available structures of other 
LysM motifs. 
Also, it would be interesting to determine if the LysM domain of SipL, 
the functional analogue of SpoVID in C. difficile, recognizes peptidoglycan. 
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Four of the residues required for peptidoglycan binding in SafA are identical 
or similar in the LysM domain of SipL. Moreover, this domain appears to 
have a different behavior comparing to LysMSpoVID, as it interacts with SpoIVA 
(Putnam et al., 2013). 
 
The interdependency on assembly of the spore protective layers 
 The cortex, the inner coat and the outer coat have been considered as 
largely independent modules for assembly (Piggot and Coote, 1976; 
Henriques and Moran, 2007). This is supported by electron microscopy 
images of several mutants that miss exclusively one of these layers (Piggot 
and Coote, 1976; Zheng et al., 1988; Takamatsu et al., 1999). Furthermore, 
the absence of the hub of the inner coat proteins, SafA, does not interfere 
with the deposition of the hub for the outer coat and crust proteins, CotE, and 
vice-versa (Chapter 3). However, the localization of some inner coat proteins 
is affected in cotE null mutants, as well as the localization of some outer coat 
components in cells missing safA (Zheng et al., 1988; Ozin et al., 2000; Kim et 
al., 2006a; Henriques and Moran, 2007), suggesting an interdependency 
between these structures for assembly. Our results are in agreement with 
this, as we have seen that the inner coat functions as an attractor for CotE, 
presumably facilitating the assembly of the outer coat, and in turn, the outer 
coat helps restricting the inner coat proteins at the spore surface (Chapter 
3).Also,(Ebmeier et al., 2012)showed that the formation of the cortex only 
begins after initiation of coat assembly, and in Chapter 4 we showed that 
SafA localization, and consequently proper inner coat assembly, requires the 
presence of the cortex. Therefore, our work highlighted that, although the 
cortex, the inner coat and the outer coat modules are mainly independent, 
their morphogenesis is tightly connected. 
 
An updated model for spore coat assembly 




interactions. In particular, we revealed that the region of SpoVID involved in 
encasement interacts directly with the morphogenetic proteins required for 
assembly of the inner coat, the outer coat and the crust sublayers (Chapters 2 
and 3). This allowed us to propose a general model for coat assembly that 
integrates all the known interactions between the main morphogenetic 
proteins (Chapter 2). Then, we went further on some specific details of the 
model, specifically on the interactions of SafA and CotE with SpoVID (Chapter 
3) and on the role of spore peptidoglycan in SafA localization (Chapter 4). In 
this model, evidences for direct interactions of SpoIVA with CotE and with 
the region E of SpoVID are currently missing. Also, as mentioned before, it 
remains to be identified the second surface of interaction with SafA and CotE 
in SpoVID. 
According to the current model, SpoIVA is required for initial 
targeting of coat proteins at the spore surface (Wang et al., 2009). However, 
in the absence of SpoIVA, some of the coat protein-GFP fusions analyzed so 
far are still able localize as a dot at the MCP pole of the spore. What guides 
coat proteins for that localization remains to be identified. We discarded a 
possible involvement of the spore peptidoglycan, as SafA variants with 
substitutions that decrease the ability to recognize it still accumulate as a dot 
at the spore surface.  
Another aspect that required further investigation is the mechanism 
by which SpoVM promotes encasement along with SpoVID. SpoVM is 
required for encasement by all the coat protein fusions tested to date, and is 
located upstream of SpoVID in the hierarchy of genetic dependencies for coat 
assembly (Wang et al., 2009; Fig 1.4 of Chapter 1). However, a direct 
interaction between those proteins was not reported so far. It is possible that 
SpoVM may be required for triggering a conformational change in region E of 
SpoVID, or for favouring SpoIVA and/or SpoVID multimerization around the 
spore circumference. 
 Finally, our results supported that SafA and SpoVID localize at the 
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cortex/coat interface, but the distribution of CotE in the spore was not clear. 
Therefore, it would be interesting to determine the dynamics of CotE 
localization across the spore protective layers along sporulation. 
 
 
In summary, we went deeper in the mechanisms governing spore 
coat assembly. Several important aspects were clarified, allowing us to 
propose a unifying model. However, many questions remain to be answered. 
We believed that the results we presented in this dissertation will have a 
significant impact not only in the study of spore development, but also in the 
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Table A1 lists the B. subtilis spore coat proteins identified so far, 
grouped by coat sublayer. Also, their relevant characteristics (molecular 
weight, transcriptional regulation, kinetic class, phenotype of the null 
mutant, assembly requirements and conservation among sporeformers) are 
indicated. 
Tables A2 – A7 list the vectors and oligonucleotides used during the 
course of the work presented in this dissertation. 
Figures S1 and S2 support Chapter 3, whereas Figure S3 supports 
Chapter 4. Figure S1 shows the subcellular localization of SafA-YFP in strains 
missing spoVID or expressing the various spoVID alleles with alanine 
substitutions in region E residues. Figure S2 illustrates the subcellular 
localization of SafA-YFP and CotE-CFP in mutant strains expressing both 
fusions. Figure S3 shows the localization of SafA-YFP variants with alanines 
substitutions in residues within the LysM domain, both in wild type and in 
spoVE null mutant backgrounds.  
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Table A2: List of vectors used in Chapter 2 
Number Primers or source Cloning vector 
   
pKW50 Wang et al., 2009  
amy-spoVIDL125A-cfp MHC001 and MHC002 pKW50 
amy-spoVIDI127A-cfp MHC003 and MHC004 “ 
amy-spoVIDD130A-cfp MHC007 and MHC008 “ 
amy-spoVIDL131A-cfp MHC009 and MHC010 “ 
amy-spoVIDI133A-cfp MHC011 and MHC012 “ 
pET21b-spoVID-his MAD37 and MAD38 pET21b 
pET21b-cotE-STOP MAD39 and MAD96 “ 
pET21b-spoVID∆125-136-his KW206 and KW207 pET21b-spoVID-his 
pET21b-spoVIDL125A-his MHC001 and MHC002 “ 
pET21b-spoVIDI127A-his MHC003 and MHC004 “ 
pET21b-spoVIDD130A-his MHC007 and MHC008 “ 
pET21b-spoVIDL131A-his MHC009 and MHC010 “ 
pET21b-spoVIDI133A-his MHC011 and MHC012 “ 
pcotE1-158-AD CotE F1 and CotE R1 pDEST-AD 
pspoVID1-144-BD SpoVID F1 and SpoVID R1 pDEST-BD 
pspoVID1-144 (L131A)-BD SpoVID F1 and SpoVID R1 “ 
pspoVID1-144 (I133A)-BD SpoVID F1 and SpoVID R1 “ 
pTC37 spoVID189D and spoVID1952R  pET16b 
pFN30 VIDC16ADir and VIDC16ARev pTC37 
pFN31 VIDC90ADir and VIDC90ARev “ 
pFN32 VIDC90ADir and VIDC90ARev pFN30 
pFN97 VIDStopDir and VIDStopRev pTC37 
pFN98 VIDC16ADir and VIDC16ARev pFN97 
pFN99 VIDC90ADir and VIDC90ARev “ 






Table A3: List of oligonucleotides used in Chapter 2 
Primer Nucleotide sequence (5’ – 3’)  
  
MHC001 CAATTGACGGATTCGCGCATTGCTACAATTCAAGCTGATTTAGCG  
MHC002 CGCTAAATCAGCTTGAATTGTAGCAATGCGCGAATCCGTCAATTG  
MHC003 CGGATTCGCGCATTTTAACAGCTCAAGCTGATTTAGCGATCG  
MHC004 CGATCGCTAAATCAGCTTGAGCTGTTAAAATGCGCGAATCCG  
MHC007 CGCATTTTAACAATTCAAGCTGCTTTAGCGATCGAAGGGCTTTTG  
MHC008 CAAAAGCCCTTCGATCGCTAAAGCAGCTTGAATTGTTAAAATGCG  
MHC009 GCATTTTAACAATTCAAGCTGATGCTGCGATCGAAGGGCTTTTGG 
MHC010 CCAAAAGCCCTTCGATCGCAGCATCAGCTTGAATTGTTAAAATGC  
MHC011 CAATTCAAGCTGATTTAGCGGCTGAAGGGCTTTTGGACGATACG  
MHC012 CGTATCGTCCAAAAGCCCTTCAGCCGCTAAATCAGCTTGAATTC  
MAD37 GCGCCATATGCCGCAAAATCATGCATTGCAATTTTC  
MAD38 GCGCCTCGAGCGCATGGCTATTTTTATATTGAGGAATATAGAGAATCTGTCCTGC 
MAD39 GCGCCATATGTCTGAATACAGGGAAATTATTACGAAGGC  
MAD96 GCGCCTCGAGTTATTATTCTTCAGGATCTCCCACTAAAAACTCCG  
KW206 TTGACGGATTCGCGCATTTTGGACGATACGCAAGACAAAG  
KW207 CTTTGTCTTGCGTATCGTCCAAAATGCGCGAATCCGTCAA 
CotEF1 GGGGACAACTTTGTACAAAAAAGTTGGCTCTGAATACAGGGAAATTATTACGAAG 
CotER1 GGGGACAACTTTGTACAAGAAAGTTAATCTTCCTCGTCATCCTCTTC  















Table A4: List of vectors used in Chapter 3 
Number Relevant features Source 
   
pTC55 pGEX-4T3 derivative for GST overexpression  Costa et al., 
2006 
pOZ169 pGEX-4T3 derivative for GST-SpoVID overexpression “ 
pFN86 pGEX-4T2 derivative for GST-SpoVID∆E overexpression This study 
pFN88 pGEX-4T2 derivative for GST-SpoVIDL125A overexpression “ 
pFN89 pGEX-4T2 derivative for GST-SpoVIDT126A overexpression “ 
pFN90 pGEX-4T2 derivative for GST-SpoVIDI127A overexpression “ 
pFN91 pGEX-4T2 derivative for GST-SpoVIDQ128A overexpression “ 
pFN92 pGEX-4T2 derivative for GST-SpoVIDD130A overexpression “ 
pFN85 pGEX-4T2 derivative for GST-SpoVIDL131A overexpression “ 
pFN93 pGEX-4T2 derivative for GST-SpoVIDI133A overexpression “ 
pFN94 pGEX-4T2 derivative for GST-SpoVIDE134A overexpression “ 
pFN95 pGEX-4T2 derivative for GST-SpoVIDG135A overexpression “ 
pFN96 pGEX-4T2 derivative for GST-SpoVIDL136A overexpression “ 
pFN76 pACYCDuet-1 derivative for SafA overexpression “ 
pET21b-
cotE-STOP 
pET21b derivative for CotE overexpression de Francesco 
et al., 2012 
pFN115 pMAD derivative to perform an in frame deletion in safA This study 
pCF149 pMLK83 derivative for insertion of safA-yfp at amyE locus “ 
pFN87 pMAD derivative to perform an in frame deletion of spoVID “ 
pFN116 pMAD derivative for deletion of region E in spoVID “ 
pFN117 pMAD derivative for substitution L125A in spoVID “ 
pFN118 pMAD derivative for substitution T126A in spoVID “ 
pFN119 pMAD derivative for substitution I127A in spoVID “ 
pFN120 pMAD derivative for substitution Q128A in spoVID “ 
pFN121 pMAD derivative for substitution D130A in spoVID “ 
pFN122 pMAD derivative for substitution L131A in spoVID “ 
pFN123 pMAD derivative for substitution I133A in spoVID “ 
pFN124 pMAD derivative for substitution E134A in spoVID “ 
pFN125 pMAD derivative for substitution G135A in spoVID “ 
pFN126 pMAD derivative for substitution L136A in spoVID “ 
pFN101 pMLK83 derivative for insertion of spoVID at amyE locus “ 
pFN102 pMLK83 derivative for insertion of spoVID∆E at amyE locus “ 
pFN103 pMLK83 derivative for insertion of spoVIDL125A at amyE locus “ 
pFN107 pMLK83 derivative for insertion of spoVIDT126A at amyE locus “ 
pFN104 pMLK83 derivative for insertion of spoVIDI127A at amyE locus “ 
pFN105 pMLK83 derivative for insertion of spoVIDL131A at amyE locus “ 
pFN110 pMLK83 derivative for insertion of spoVIDI133A at amyE locus “ 




Table A5: List of oligonucleotides used in Chapter 3 
Primer Nucleotide sequence (5’ – 3’) Cloning vector 
   
VIDBamHID CCGCGTGGATCCTTGCCGCAAAATCATCG pFN86-96 













VID-T126ADir GACGGATTCGCGCATTTTAGCAATTCAAGCTGATTTAGCG pFN89, pFN107 







VID-Q128ADir CGCGCATTTTAACAATTGCAGCTGATTTAGCGATCG pFN91 
VID-Q128ARev CGATCGCTAAATCGACTGCAATTGTTAAAATGCGCG “ 
VID-D130ADir GCATTTTAACAATTCAAGCTGCTTTAGCGATCGAAGGGC pFN92 







VID-I133ADir CAAGCTGATTTAGCGGCCGAAGGGCTTTTGGACG pFN93, pFN110 
VID-I133ARev CGTCCAAAAGCCCTTCGGCCGCTAAATCAGCTTG “ 
VID-E134ADir CAAGCTGATTTAGCGATCGCAGGGCTTTTGGACGATACG pFN94, pFN111 
VID-E134ARev CGTATCGTCCAAAAGCCCTGCGATCGCTAAATCAGCTTG “ 
VID-G135ADir GCTGATTTAGCGATCGAAGCGCTTTTGGACGATACGC pFN95 
VID-G135ARev GCGTATCGTCCAAAAGCGCTTCGATCGCTAAATCAGC “ 
VID-L136ADir GATTTAGCGATCGAAGGGGCTTTGGACGATACGCAAGAC pFN96 
VID-L136ARev GTCTTGCGTATCGTCCAAAGCCCCTTCGATCGCTAAATC “ 
SafA201Dir GGGGAAAACCATGGCGAAAATCCATATCG pFN76 
SafA1364R CGTTCGGATCCATCACTCATTTTCTTC “ 







safA+1250R GGGAATTCTAAGCGTGTCAGTTCTCTCCATTTG “ 




Table A5: List of oligonucleotides used in Chapter 3 (cont.) 
Primer Nucleotide sequence (5’ – 3’) Cloning vector 















VID-1846Dir TCAGGATGAATTCTTTAGCCTTGG “ 
VID-2290Rev CGGTTCTCTCGTGAAGACGGGC “ 
spoVID-17D GAAAACAGATCTCAGGCAGCTGAGAAAG pFN116-126 
spoVID24D CAATCTAGACAGCTGAGAAAG pFN101-107, 
pFN110-111 








Table A6: List of vectors used in Chapter 4 
Number Relevant features Source 
   
pFP2 pBEST501 derivative for insertion of safA at safA locus This study 
pFP3 pBEST501 derivative for insertion of safAD10A at safA locus “ 
pFP4 pBEST501 derivative for insertion of safAS11A at safA locus “ 
pFP5 pBEST501 derivative for insertion of safAL12A at safA locus “ 
pFP6 pBEST501 derivative for insertion of safAN30A at safA locus “ 
pFP7 pBEST501 derivative for insertion of safAI39A at safA locus “ 
pCF72 pUC18 derivative  to perform an in frame deletion in safA “ 
pDG364 Integrative vector to insert cat at amyE locus Cutting and Vander 
Horn, 1990 
pCF75 pMLK83 derivative for insertion of safA at amyE locus Fernandes, C. 
pCF181 pMLK83 derivative for insertion of safAD10A at amyE locus This study 
pCF182 pMLK83 derivative for insertion of safAS11A at amyE locus “ 
pCF183 pMLK83 derivative for insertion of safAL12A at amyE locus “ 
pCF184 pMLK83 derivative for insertion of safAI39A at amyE locus “ 
pCF185 pMLK83 derivative for insertion of safAN30A at amyE locus “ 
pCF149 pMLK83 derivative for insertion of safA-yfp at amyE locus Chapter 3 
pCF186 pMLK83 derivative for insertion of safAD10A-yfp at amyE 
locus 
This study 
pCF187 pMLK83 derivative for insertion of safAS11A-yfp at amyE 
locus 
“ 
pCF188 pMLK83 derivative for insertion of safAL12A-yfp at amyE 
locus 
“ 
pCF189 pMLK83 derivative for insertion of safAI39A-yfp at amyE 
locus 
“ 
pCF190 pMLK83 derivative for insertion of safAN30A-yfp at amyE 
locus 
“ 
pFP8 pLitmus28 derivative to switch Spr to Cmr in B. subtilis “ 
pTC178 pASK-IBA3 derivative for LysMSafA-StrepTagII 
overproduction 
“ 
pTC182 pASK-IBA3 derivative for LysMSafA-GFP-StrepTagII 
overproduction 
“ 
pAI1 pASK-IBA3 derivative for LysMSafA S11A-GFP-StrepTagII 
overproduction 
“ 
pAI2 pASK-IBA3 derivative for LysMSafA L12A-GFP-StrepTagII 
overproduction 
“ 
pAI3 pASK-IBA3 derivative for LysMSafA I39A-GFP-StrepTagII 
overproduction 
“ 
pAI4 pASK-IBA3 derivative for LysMSafA D10A-GFP-StrepTagII 
overproduction 
“ 
pAI5 pASK-IBA3 derivative for LysMSafA N30A-GFP-StrepTagII 
overproduction 
“ 
pAI12 pASK-IBA3 derivative for GFP-StrepTagII overproduction “ 







Table A7: List of oligonucleotides used in Chapter 4 
Primer Nucleotide sequence (5’ – 3’) Cloning 
vector 
   




gfp30D AGTAAAGGAGAAGAACTTTTCACTGGAG “ 






































safA-364D GCAAGTCGACAATCGGGACAGAAATGAATCTTG pCF72 













gfpmut2+4D CCGACGTCAGTAAAGGAGAAGAAC pTC182 
































































































Figure S1: Subcellular localization of SafA-YFP in cells missing SpoVID or 
expressing SpoVID variants with alanine substitutions in region E residues. 
Strains were grown in sporulation media and samples were taken at 2, 4 and 6 
hours after ressuspension (A, B and C, respectively). Cells were stained with FM 
4-64 and analysed by fluorescence microscopy for the localization of SafA-YFP. 
A few representative cells are shown for each strain. 1
st
 lane: phase-contrast; 2
nd
 
lane: stained membranes signal; 3
rd
 lane: SafA-YFP signal; 4
th
 lane: merge of the 
stained membranes and the YFP signals. Scale bar: 1 µm. The percentages of 




Figure S2: Subcellular localization of SafA-YFP and CotE-YFP in mutant strains. 
Cells were grown in sporulation media and saples were taken at 2, 4, 6 and 8 
hours after ressuspension (A, B, C and D, respectively). After staining 
membranes with FM 4-64, cells were analysed by fluorescence microscopy for 
the localization of SafA-YFP and CotE-CFP. A few representative cells are shown 
for each strain. 1
st
 lane: phase-contrast; 2
nd
 lane: stained membranes signal; 3
rd
 
lane: SafA-YFP signal; 4
th
 lane: CotE-GFP signal; 5
th
 lane: merge of the phase-
contrast or the membranes signal with the YFP and CFP signals. Scale bar: 1 
µm. The percentages of cells exhibiting each localization pattern of SafA-YFP 
and CotE-CFP are listed in Tables 3.6 and 3.7, in Chapter 3. 
 
 
Figure S3: Subcellular localization of SafA-YFP variants with alanine 
substitutions in residues of the LysM motif, in wild type (top panel) and spoVE null 
mutant (bottom panel) backgrounds. Sporulating cells were stained with FM 4-64 
and imaged by fluorescence microscopy at 2, 4, 6 and 8 hours after 
ressuspension (A, B, C and D, respectively). A few representative cells are 
shown for each strain. 1
st
 row: phase-contrast; 2
nd
 row: stained membranes 
signal; 3
rd
 row: SafA-YFP signal; 4
th
 row: merge of the membranes and the YFP 
signals. Scale bar: 1 µm. The percentages of all localization patterns of SafA-YFP 
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